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Pultruded fiber reinforced plastic (PFRP) composite materials are found more and more 
applications in marine, aerospace and civil engineering fields. The connection of PFRP 
members is an increasing concern for the design of such structures. This thesis presents a 
Finite Element study of the cuff connection for PFRP members with box sections. 
In this study, progressive failure models for PFRP beams, columns and glass fiber 
reinforced plastic (GFRP) cuff connections were formulated using solid elements. 
Hashin’s failure criteria were used to assess failure at the Gauss points. Based on existing 
failure criteria and material degradation factors assumed in this study, the nonlinear failure 
analysis was conducted. The predictions of the model correlate well with experimental 
results for three distinct cuff connections. The frame stiffness, strength and failure pattern 
all agreed well with experimental results. 
Cuff connections with different cuff wall thickness were firstly studied. It was found that 
increasing the cuff wall thickness can greatly improve the frame stiffness and strength, 
while when the cuff wall were thicker than the PFRP beam flange, this improvement 
reduced.  
Cuff connections with different fillet dimensions (study included cuffs with and without 
adhesive filled in the interspaces between rounded fiber, beam and column) were then 
investigated. Fillet dimensions (R & B) showed apparent affect when the interspaces in 
fillet regions were fully filled with adhesive. Cuff with larger dimensions gave higher 
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Summary 
stiffness and strength to the frame. However, when the interspaces were void, the frame 
with rounded fillet at corners got worse performance than those with sharp corners. 
Moreover, the larger R & B the cuff had, the earlier the frame failed.  
Analysis of the effect of the cuff-beam length shows that the cuff-beam length had little 
influence on the frame when the cuff walls were very thin, because frames with thin cuff 
always failed of matrix cracking at the cuff corners. When the cuff wall became thicker, 
debonding occurred before the frame failed of cuff matrix cracking if the cuff-beam was 
very short. When cuff-beam length equals to ¾ beam height, frame gained almost same 
stiffness and strength with those cuff having longer cuff-beam.  
Finally, different adhesive thickness below and above beam were investigated and under 
the situation considered in this study, no much difference was found when the frame have 
different thickness below and above beam 
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1.1 GENERAL INTRODUCTIONS 
Traditionally, steel and concrete are the dominant materials used in civil engineering. 
Nowadays, the advancement in structural technology makes large size structures possible 
and enables structures to operate in severe environmental conditions. The weight and 
corrosion of materials for these types of structures are becoming major concerns, which 
naturally force engineers to seek new materials that can reduce structural weight and 
maintenance cost. Fiber reinforced plastic (FRP) materials, with inherent advantages of 
light weight and good resistance from corrosion, are attracting keen interests in recent 
years. In addition to above-mentioned advantages, FRP offers high strength, superior 
thermal properties, high resistance to fatigue, electromagnetic transparency, possibility of 
reinforcing in any direction, damage tolerance and excellent damping effect. For civil 
construction applications, structural members are generally manufactured by the 
pultrusion process and are made of E-glass polyester, which are called pultruded fiber 
reinforced plastic (PFRP).  The PFRP has been used over 20 years in USA and in Europe. 
Recent improvements in manufacturing technology, particularly in the pultrusion method, 
have enabled many large size members which are needed in load-carrying civil 
engineering applications to be produced at very low cost. At present, PFRP profile shapes 
are customized and commercially produced. The low cost and the convenience in 
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installation due to light weight may lead to many applications of PFRP composites in civil 
engineering structures in the future.  
For a framed structure built of PFRP, the beam to column connection is one of the most 
critical components that should be carefully considered and designed. Many researchers 
have investigated the behavior of this connection type during the last decade. A majority 
of initial beam-to-column connections for PFRP members were designed like a traditional 
steel connection, with the connection details of steel frames adopted.  These connections 
were later proved inappropriate and then the connection designs were gradually improved, 
for example by Bank. [1]. Box section members are preferred as compared with I shape 
members because the former have many advantageous mechanical properties such as 
higher torsional rigidity, higher weak-axis stiffness and strength, stronger flange local 
buckling resistance, and equal efficiency in pultrusion process. A monolithic connection 
for the box section PFRP members was studied by both Smith et al. [2] and Singamsethi et 
al. [3]. Carrion et al. [4] carried out an experimental study of this connection type, as well 
as numerical study [5]. However, only linear elastic analysis was performed in their 
numerical research, and adhesive was not considered in their study. 
 
Many aspects of the connection of PFRP beam and column are still open to research. This 





- 2 - 
Chapter 1: Introduction 
1.2 OBJECTIVES OF PRESENT RESEARCH  
In practice, engineers need to know what the appropriate design is when a cuff connection 
is subjected to moment loading. Hence, a parametric study for different cuffs (as 
illustrated in Figs 1.1 and 1.2) will provide a basis for proportioning. Bonding conditions 
are also investigated for the purpose of more optimal cuff design. It is recognized that 
experimental tests to study various cuff dimensions and various adhesive conditions are 
costly.  Thus the use of numerical models may be appropriate for detailed study on this 
problem. It is also recognized that damage in composites may cause large reduction in 
laminate stiffness and strength, and thus a linear elastic analysis is not expected to predict 
the overall behavior of the connection correctly. Therefore, in order to predict the ultimate 
connection strength, nonlinear progressive failure analysis is adopted in the present work 
so that the analysis can continue after the first damage has occurred.  
In this study, finite element (FE) models for failure analysis of a series of monolithic 
composite cuff connections are generated to accurately predict the connection stiffness 
and ultimate strength.  The FE results are compared with the experimental results obtained 
by Carrion et al. [4] to verify the numerical method used in this study. 
The objectives of the present research are: 
1) To investigate how the cuff geometric dimensions and adhesive conditions will 
affect the properties and behavior of connection. 
2) To assess the appropriate combination of geometric parameters which may provide 
more optimized connection design for a given set of PFRP beam and columns. 
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1.3 CLASSIFICATION OF MODELS 
Many models were generated in this study and they were named and numbered according 
to their cuff wall thickness, cuff beam length, fillet dimension and adhesive condition 
which are showed in Figure 1.1 and Figure 1.2.   These models are elaborated in Table 1.1. 
1.4 LAYOUT OF PRESENT THESIS 
This thesis is organized in the following sequence:  
Chapter 2 reviews previous research on beam to column connections of PFRP materials. 
Chapter 3 introduces some experimental process and results carried out by Carrion et al 
[4], and list the material properties of GFRP and PFRP. In this study, some properties of 
GFRP and PFRP that are not published in Carrion’s research are based on open literature. 
An adhesive layer at the connection between the cuff, column and beam that was 
neglected by Carrion’s numerical analysis was modeled in present work, with nominal 
adhesive properties.  
Chapter 4 details the finite element modeling of the connections and the associated 
considerations adopted in the present research. The nonlinear analysis carried out in 
present study and relevant details are described in this chapter.  
In Chapter 5, the FE results of three referenced models tested by Carrion et al. [4] are 
presented and compared.  
Finite Element models for the present parametric studies are detailed in Chapter 6. In 
Section 6.1, cuffs with different cuff wall thickness are studied to assess the contribution 
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of cuff wall thickness to the connection strength and stiffness.  The connection behaviour 
with different fillet dimensions and adhesive conditions are detailed in Section 6.2, and 
analysis results for different cuff beam length Cb are presented in Section 6.3.  In view of 
the practical constraint in achieving uniform adhesive in the cuff connection, results of 
different analyses with unequal adhesive thickness above and below beam are assessed in 
Section 6.4. 
In Chapter 7, a summary of results and conclusions are then presented. Selected results for 
failure patterns of cuff connections with different geometric parameters are given in 
Appendix A. Appendix B and Appendix C present the user subroutines developed in this 
research for use in the ABAQUS analysis. 
1.5 PROGRAMS USED IN THIS STUDY 
In the present work, the finite element software ABAQUS 6.4 [19] has been used for 
numerical analysis. MSC Patran 2003 r2 [20] has been utilized for pre-processing. Since 
ABAQUS Viewer is not currently available to output solution dependant state variables 
SDV1~SDV3 of the element type C3D8 that are used for the laminated composite 
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        (a)                                       (b)                                   (c) 
 
Fig. 1.1: Geometric parameters of cuff connection without fillet. (a) All cuff wall thicknesses are equal to “t”, 






        (a)                                       (b)                                   (c)                                    (d) 
 
Fig. 1.2: Geometric parameters of cuff connection with fillet. (a) All cuff wallthicknesses are equal to “t”, (b) 
Part of cuff walls thicknesses are thickened to “T”, (c) Fillet regions without adhesive in indicated regions 
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Table 1.1 






between cuff & 
beam (MM) 


















C635 6.35 102 0 0 Inapplicable 1.0 1.0 
C635-76 6.35 76 0 0 Inapplicable 1.0 1.0 
C635-51 6.35 51 0 0 Inapplicable 1.0 1.0 
C320 3.20 102 0 0 Inapplicable 1.0 1.0 
C320-76 3.20 76 0 0 Inapplicable 1.0 1.0 
C320-51 3.20 51 0 0 Inapplicable 1.0 1.0 
C955 9.55 102 0 0 Inapplicable 1.0 1.0 
CTL320 3.20/6.35* 102 0 0 Inapplicable 1.0 1.0 
CTN320 3.20/6.35* 102 0 0 Inapplicable 1.0 1.0 
CTL635 6.35/9.55* 102 0 0 Inapplicable 1.0 1.0 
CTN635 6.35/9.55* 102 0 0 Inapplicable 1.0 1.0 
C635-R50B25 6.35 102 50 25 Fully filled 1.0 1.0 
C635-RB25 6.35 102 25 25 Fully filled 1.0 1.0 
C635-RB10 6.35 102 10 10 Fully filled 1.0 1.0 
C635-R50B25-76 6.35 76 50 25 Fully filled 1.0 1.0 
C635-R50B25-76-DA 6.35 76 50 25 Fully filled 1.5 0.5 
C635-R50B25-51 6.35 51 50 25 Fully filled 1.0 1.0 
C635-R50B25-NF 6.35 102 50 25 No adhesive 1.0 1.0 
C635-RB25-NF 6.35 102 25 25 No adhesive 1.0 1.0 
C635-RB10-NF 6.35 102 10 10 No adhesive 1.0 1.0 
C320-R50B25 3.20/6.35* 102 50 25 Fully filled 1.0 1.0 
CTL320-R50B25-NF 3.20/6.35* 102 50 25 No adhesive 1.0 1.0 
CTN320-R50B25-NF 3.20/6.35* 102 50 25 No adhesive 1.0 1.0 
CTL320-R50B25 3.20/6.35* 102 50 25 Fully filled 1.0 1.0 
CTN320-R50B25 3.20/6.35* 102 50 25 Fully filled 1.0 1.0 
CTL320-R50B25-DA 3.20/6.35* 102 50 25 Fully filled 1.5 0.5 
CTN320-R50B25-DA 3.20/6.35* 102 50 25 Fully filled 1.5 0.5 
 
Note: 
Geometric parameters listed in this table are denoted in Figure 1.1 and Figure 1.2. 
* Only used for models of Figure 1.1 (b) and Figure 1.2 (b) where t / T is denoted. 
 
- 7 - 







In framed structures a weak joint may result in catastrophic collapse when an overload 
situation occurs and thus a strong joint is always recommended when designing a frame 
structure. Beam-to-column connection is such an important joint and has attracted 
continuous attention of engineers and researchers. 
In the modern society, many of the high-rise buildings are built with steel. Conventional 
steel beam-to-column connections may be designed with pinned or rigid support, as 
shown in Fig. 2.1 (a) and (b). Pinned connections transfers only shear force, while rigid 
connections can transfer both moment and shear force. Bolting or welding is used to 
connect frame members, and the fabrication and construction methods can be tailored. 
With standard construction process and good strength property, structural steel is used in 
many applications including long-span bridges, high-rise buildings, offshore structures 
and ships for different usage.  
Nevertheless, corrosion and the associated high maintenance cost of steel have motivated 
researchers to search for other materials that may solve this problem. Reinforced concrete, 
a composite material, has been use in many constructions with better corrosion 
characteristics. Beam-to-column connections of reinforced concrete are usually designed 
as shown in Figure 2.1 (c), with moment transferred from beam to column by the 
reinforcements and concrete. However, the heavy weight of concrete hinders the use of 
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large size concrete components. Therefore, fiber reinforced plastic (FRP) materials which 
are light weight with superior corrosion resistance property have attracted increasing 
interests. Due to the high cost of these composites, they were first used only in aeroplanes 
and high speed vessels that are sensitive to weight and corrosion considerations. Civil 
engineers have by comparison been slow in using plastic composite materials. With the 
development of efficient manufacturing methods, composite components can be produced 
commercially and the prices are also decreasing steadily.  This development has led to 
increasing use of composites in various civil engineering applications in recent years. 
Pultruded fiber reinforced plastic (PFRP) members are generally used in civil engineering 
structures, and is thus the main focus of the present study. In Europe and the United States, 
structural members of pultruded materials and beam-to-column connections have been 
studied and used for about 20 years. The FRP material that has much higher longitudinal 
strength than transverse strength may result in early cracking and rapid decrease of 
strength after damage has occurred, and this should be carefully considered in connection 
design. 
                      
 
(a) (b)                                                          (c) 
 
Fig. 2.1: Beam to column connection. (a) Pinned connection for steel frame, (b) Rigid connection for steel 
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2.2 PREVIOUS RESEARCH 
Many researchers have investigated the behavior of beam to column connection of PFRP 
materials in the past decade.  Bank [1] [6] started his research from the design details that 
used for I-shape steel structures (Fig. 2.2 (a)). Due to several problems he gradually made 
some improvements on the connection design, (as shown in Figure 2.2 (b), (c), (d)) and 
each improved connections had some degree of strength or stiffness increasing compared 
to the previous ones. All attempts he tried were I-section PFRP members. Smith et al. [2] 
did comparisons of the behavior of beam-to-column connections between I-beam and 
rectangular tube. Only by selecting closed sections for structural members can lead to 25% 
increase in stiffness and 280% in strength. Then Smith et al [2] proposed an idealized 
pultruded monolithic connection for box section members, and tested a “very” closed 
attempt in which beam was wrapped with PFRP angles and connected to the sidewall of 
the box column. And another two seats above and below beam connected the beam flange 
and the column flange by both bolts and adhesive. (See figure 2.3 (a)) This connection got 
an obvious stiffness and strength improvement compared to the previous connections that 
followed the details of steel practice connecting I-beam and I-column. Singamsethi et al [3] 
used the same test set up and members as Smith [2] but presented an effective 
manufacturing process based on vacuum assisted resin transfer molding (VARTM) which 
can fabricate a real monolithic composite cuff connection that proposed by Smith et al [2], 
as shown in Fig. 2.3 (b). In this test, beam, column and cuff were connected only by 
adhesive. And the test result present higher stiffness and strength than Smith’s frame. To 
further explore the behavior of this type connection, Carrion et al. [4] performed a series 
of cyclic and monotonic tests using GFRP cuffs that were fabricated by E-glass fiber with 
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epoxy resin and were also manufactured by VARTM process. Both pultruded members 
and box steel rectangular members that were connected by GFRP cuffs were studied in 
that test. In his study, adhesive bonding was proved to be very efficient when the cuff was 
connecting PFRP members. Only one specimen had the delaminating failure mode, and 
which occurred because the contact surfaces were lightly abraded by hand instead of 
mechanical roughening that was used in other specimens. Cuff connections were 
concluded to be sufficiently strong and ductile when their wall thickness matched the 
member flange thickness.  
        
 
(a)                          (b)                          (c)                            (d) 
 
Fig. 2.2 Connection iterations of Bank L. C. [1][6]: (a) Standard Connection; (b) Built-up Connection; (c) 
Gusset Plate connection; (d) Wrapped Angle Connection. 
 
 
          (a)                                    (b) 
 
Fig. 2.3 cuff connection proposed by previous researchers (a) Pultruded FRP cuff proposed by Smith et al 
[2], (b) GFRP cuff proposed by Singamsethi et al [3] 
 
In addition to the experiment, Carrion et al. [5] also carried out numerical analysis to 
predict the initial damage of monolithic cuff connections. (Only PFRP members were 
involved in his finite element analysis.) Other than shell elements that used by previous 
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researchers [7] [8], three-dimensional 20-nodes quadratic solid elements were adopted in 
this study, because three-dimensional solid elements can produce a simpler and more 
accurate representation of the complex geometry. Adhesive layer was neglected and the 
cuff and members were considered well bonded at the adhesive surfaces by using same 
nodes for elements on the two bonded surfaces. In order to save the computing time only 
half of the frames were modeled for the symmetry to the vertical plane. Tsai-W failure 
criterion was used to predict the first damage of composite and only linear elastic analysis 
was carried out in his work. By that method the numerical results agreed well with the test 
result. Since the first damage always occurred at the top and bottom corner of cuff for the 
stress concentration existed, Carrion [5] proposed two improved cuff styles, see Fig. 2.4, 
and used the numerical method he verified with experimental results to analyze these two 
cuffs. When compare the improved cuff “A” to the model of the 3.20mm thick cuff, frame 
stiffness improved 17% increase and strength improved nearly 150%, and material volume 
only increased 26%. And the improved cuff “B”, which only had the additional rounded 
fillet, got 7% increase in stiffness and 15% increase in strength. 
However, as he neglected adhesive layer and did not perform the failure analysis after the 
first damage occurred, further study was needed to better explore the behavior of the cuff 
connection. The research reported herein is a continuation of the work by Carrion et al. [5], 
presenting a parameter study of different cuff dimensions. And the adhesive layer was also 
modeled to study the bonding condition between the cuff and members. This is for the 
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         (a)                                                   (b)                                       (c) 
 
Fig. 2.4 Cuff proposed by Carrion: (a) improved cuff “A”, (b) improve cuff “B”, (c) dimensions of rounded 
fillet (all dimensions in mm) 
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CHAPTER 3 
 




3.1 Referenced Experiment Results 
The geometric parameters of cuff connections for pultruded fiber reinforced plastic (PFRP) 
beams and columns are presented in Figure 3.1 and 3.2.  In the present research, only 
PFRP cuff connections are investigated.  Thus, Carrion’s [4] experimental tests on PFRP 
connections, in particular Specimen 6, 10 and 12 in which has overall cuff-wall thickness 
of 9.55mm, 6.35mm and 3.20mm respectively are discussed in this chapter. These 3 
specimens are named models C955, C635 and C320 respectively in this study. 
Figure 3.1 (c) shows the PFRP beam and column used in Carrion’s [4] tests.  These were 
standard “off-the-shelf” 4”x2” rectangular tubes of EXTREN Series 500 from Strongwell 
which had the following dimensions: flanges = 51mm х 6.35mm; web = 102mm х 
3.20mm.  For Specimen 10 and 12, a PFRP built-up stiffener, as shown in Fig.3.1 (a) and 
(b) was placed inside the rectangular beam and its center was at the end of the beam part 
of the cuff, whereas Specimen 6 was not provided with this stiffener. 
The GFRP composite cuffs were fabricated from E-glass fibers and epoxy resin, using the 
vacuum assisted resin transfer molding (VARTM) process. The detail manufacturing 
process for the monolithic cuff connections were introduced by Singamsethi et al. [3]. Fig. 
3.2 (a) shows the monolithic composite cuff connection, the geometry and shape of which 
were designed to efficiently connect the PFRP box members. To obtain a good design in 
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terms of stiffness and strength, Carrion [4] selected the fiber layouts as shown in Fig.3.2 
(b), which could simplify the manufacturing process as well. In his experiments, two types 
of E-glass fabrics were used, one with uni-directional fibers and the other with fibers 
oriented at ±45o angles. The fiber layout in the different parts of the cuff for one full 
“set” that consists 3 fiber layers is shown in Fig. 3.2 (b). For cuffs with a thickness of 
9.55mm, 6.35mm and 3.20mm there were 5, 4, and 2 repetitions of these sets respectively. 
Through microscopic measurement, the average thickness of layer with uni-directional 
fibers was measured to be 0.57mm, while the average thickness of the layers with fibers 
oriented at ±45o angles was 0.44mm (both thickness of +45o and –45o angles were 
0.22mm thick). The length of the cuff beam (Cb) was 102mm for Specimens 10 and 12 but 
76mm for Specimen 6. 
All three specimens were assembled using 1mm thick high strength epoxy adhesive 
(Magnabond 56, manufactured by Magnolia Plastics, Inc., Chamblee, Georgia). This 
adhesive layer, which was not considered in Carrion’s finite element analysis [5], would 
be studied in the present work. A 6.35mm gap was left between beam end and the column 
flange inside the cuff to prevent contact and prying effects during load testing. And this 
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                 (a)                              (b)                               (c) 
 
Fig. 3.1 (a) Cuff dimension and stiffener position, (b) detail of stiffener (section A-A), (c) Pultruded beam 
and column (all dimension in mm) [5]. 
 
 
a)  b) 
 
Fig.3.2 (a) Composite cuff connection [5], (b) Fiber layout of cuff connection used in experiment [4]. 
 
Fig. 3.3 shows the test set-up, the specimen dimensions and the locations for the test 
measurements. In this figure, δ1 is the deflection along the load line that is used to 
determine the frame stiffness, while distances “a” to “e” are used to define the frame 
rotational stiffness.  
These stiffnesses are defined as follows: 
Frame stiffness  KFrame = F / δ1  
where F is the applied load 
Rotational stiffness  Kα=M/∆α  and Kβ=M/∆β 
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where M is the moment acting at the center of the joint, and ∆α and ∆β are the changes in 
the angles α and β from their initial values of 90o. Angles α and β are shown in Fig.3.4 
















where the dimensions ‘a’ and ‘b’ were equaled to 152mm for all three specimens. The 
dimension ‘c’ was 178mm for Specimens 10 and 12, and 152mm for Specimen 6.  Note 
that these dimensions were all defined in undeformed states. 
 
 
Fig. 3.3 Test configuration, dimensions and measurements from Carrion [4] (all dimensions in mm) 
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Fig. 3.4 Measurement of joint rotation [5]. 
 
Table 3.1 lists the experimental results of these 3 specimens. Fig.3.5 presents the frame 
load vs. displacement curves for Specimens 6, 10, 12 obtained from the experiments. 
Specimens 10 and 12 were tested under monotonic load (compression) while Specimen 6 
was the cyclically loaded test specimen.  
For Specimens 10 and 12, initial stiffness and rotational stiffness were defined as secant 
stiffness from zero loads up to a displacement of 11mm in each of their load-displacement 
curves. Both specimens were first detected with visible matrix cracks at less than 70% of 
their maximum load and the cracks were both at the top of cuff corner. This load that 
causes the first visible cracks was defined as “first damage load” in Table 3.1. These 
cracks at the top cuff corner grew when additional loads were applied and in both cases 
the cracks appeared at the cuff bottom corner coincident when the maximum load was 
reached. After that, the cuff cracks continued to grow and the bottom corner of the cuff 
gradually crushed in to the column, which caused the load shedding in their load-
displacement curves. 
Specimen 6 that was tested cyclically had different definition of its stiffness. Its initial 
frame stiffness was the slope of a line connecting two points with frame displacement 
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equaling to +11mm and –11mm, with the rotational stiffness defined similarly.   When the 
frame was loaded in tension, Specimen 6 reached its peak load of 23.2 kN. When the 
frame was in its next displacement cycle, with load in the frame-in-compression direction, 
Specimen 6 reached its maximum negative load with 90% of its initial frame stiffness 
remaining.  Subsequently, during the next load-in-tension, the specimen failed due to 
crushing of PFRP box beam at a load of 16.5 kN. The failure position was at the top of 
beam section and right at the edge of cuff beam portion. After failure occurred, very little 
frame strength remained. Specimen 6 was first observed with matrix cracks at its bottom 
cuff corner when the load was about 60% of its maximum load.  
 
 
Fig.3.5 Experimental frame load vs. displacement curves: (a) monotonic tests for Specimens 10 and 12, (b) 
cyclic test for Specimen 6 [5]. 
 
 

















6 9.55 PFRP 
tube 
608 1685 795 13.8 23.2 
10 6.35 PFRP 
tube 
578 1160 678 13.3 20.2 
12 3.20 PFRP 
tube 
489 525 343 7.0 10.7 
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3.2 Material Properties 
3.2.1 GFRP (cuff material) and PFRP (pultruded member material) 
In this study, the cuffs were made from glass fiber reinforced plastic (GFPR) and this 
material was modeled as transversely isotropic.  The column, beam and stiffener were 
made from pultruded fiber reinforced plastic (PFRP) which was modeled as an orthotropic 
homogeneous material. Table 3.2 tabulates the properties of both GFRP and PFRP as 
reported by Carrion et al. [5]. Three-dimensional failure analysis requires the knowledge 
of both in-plane and out-of-plane properties (stiffness and strengths) of the ply. However, 
no value for the through-thickness strength was provided in that paper. According to 
Feih’s research [9], a reduction factor of 0.9 can be accepted as compared to the transverse 
tensile strength and hence the inter-laminar strength Zl is considered in this study to be 0.9 
times the transverse tensile strength. Inter-laminar shear strength was also not reported in 
Carrion’s research.  In general, it is different with the in-plane shear strength, but the usual 
practice is to assume this property to be the same as that of in-plane strength, as suggested 
by Sun [10]. In the present study the inter-laminar shear strength was also assumed equal 
with that of in-plane shear strength. The inter-laminar tensile and shear strength of GFRP 
and PFRP are also listed in Table 3.2. 
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Table 3.2 Material properties of GFRP and PFRP 
 
Material properties GFRP PFRP 
Elastic modulus in x direction                           E1 (GPa) 35.6 26.1 
Elastic modulus in y, z direction                       E2, E3 (GPa) 9.65 5.54 
Shear modulus on 12 and 13 plane                   G12,G13 (GPa) 2.98 2.52 
Shear modulus on 23 plane                               G23 (GPa) 3.52 2.01 
Poisson’s ratio                                                   υ12, υ13 0.30 0.32 
Poisson’s ratio                                                   υ23 0.37 0.38 
Tensile (compressive) strength in the longitudinal direction     
XT (XC)   (GPa) 
0.752 0.325 
Tensile (compressive) strength in the transverse direction        
YT (YC)   (GPa) 
0.026 0.061 
In plane shear strength                                                               
 S12, S13 (GPa) 
0.044 0.034 
Interlaminar shear strength                                                        
 S23 (GPa) 
0.044 0.034 
Interlaminar (through-the-thickness) tensile strength                 




3.2.2 Adhesive Material 
In the present study in investigating the effect of bonding condition between the cuff 
monolithic connection and PFRP members, an adhesive layer was added in all finite 
element models. Therefore, except for GFRP and PFRP composite materials with the 
reported mechanical properties from the experiments and FE analysis carried out by 
Carrion [4, 5], adhesive properties are also required in the analysis. 
The properties of the adhesive were not reported in Carrion’s study [4, 5] and therefore 
assumed properties are adopted. As a variety of adhesives could be used in practice, the 
assumed adhesive is adopted in this study to investigate its effect on the structural stiffness 
and strength. The suitability of this adhesive for actual structural applications needs to be 
assessed separately. 
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The adhesive epoxy chosen in this study is Hexcel DLS [9] and the properties are listed in 
Table 3.3.  This adhesive was modeled as an isotropic material, with Young’s modulus ‘E’ 
and Poisson’s ratio ‘ν’ when the strain is not large. The nonlinear property should be 
considered for larger deformation level. Table 3.3 lists the true stress/strain data of this 
adhesive and these data were incorporated into the ABAQUS input file for computation of 
nonlinear response.   
In order to investigate the stress redistribution and how the cracks may propagate after 
crack forming in the adhesive as the maximum plastic strain was reached, a different 
elastic-plastic material model in ABAQUS was adopted in the present study to account for 
a stiffness decrease. For a quasi-brittle damage model, the stiffness is decreased to zero for 
strains larger than the failure strain. Since ABAQUS does not accept a zero input yield 
stress, in the present study an artificial 5MPa residual strength was adopted at the final 
plastic strain to simulate the rapid stiffness decrease after the maximum plastic strain of 
0.045 was exceeded [9].   
Table 3.3 ABAQUS input data for adhesive DLS 
 
Young’s modulus (GPa)         Poisson’s ratio 
2.45                         0.39 
 
Stress (MPa)                             Plastic strain 
19.69                                           0.0 
26.01                                           0.00139 
32.13                                           0.00329 
38.03                                           0.00498 
44.01                                           0.00884 
52.37                                           0.0338 
53.02                                           0.0431 
5.0                                               0.045 
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CHAPTER 4 
 
NONLINEAR FINITE ELEMENT ANALYSIS 
 
 
4.1 Finite Element Analysis  
ABAQUS [19] was used to perform the finite element analysis in this study and MSC 
PATRAN [20] was utilized to generate the finite element models.  
4.1.1 Choice of Element Type 
The present study adopts solid finite elements, as in Carrion’s study [5].  Among the solid 
elements in ABAQUS, the twenty-node element, C3D20, provides a solution with higher 
accuracy while the eight-node element, C3D8, requires a finer mesh with significantly 
more elements to provide the same accuracy.  
The model C635 was firstly idealized with both element types C3D8 (refined meshes, as 
shown in Fig.4.1 (c)) and element type C3D20 (coarse meshes, as shown in Fig.4.1 (b)) to 
investigate the influence of element type on the computed results. The computed Load-
Displacement curves of model C635, which was idealized with element types C3D8 and 
C3D20 are shown in Fig. 4.2 (a), and the comparisons are listed in Table 4.1. These 
results provide the following observations: 
1) The stiffness of structure is only 1% lower for C635 using element type C3D8 
(refined mesh) than that modeled with C3D20 (coarse mesh). 
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2) The difference in structural strength for model C635 using the C3D8 solid element 
is within 4% as compared to that using C3D20 solid element. 
Due to the negligible differences obtained from the two element types, eight-node solid 
elements with finer meshes were finally adopted in this study. The cuff connection, 
adhesive layer, beam and column were all modeled with eight-node linear solid elements 
(C3D8).   In the idealization, appropriate nodes for different elements were specified at 
each contact surface. 
4.1.2 Mesh Refinement Study 
A mesh refinement study at the critical region - around cuff as shown in Fig. 4.1 (a) was 
then carried out to verify the accuracy of the finite element meshes. Three mesh types: 
coarse mesh (with similar mesh density as the beam and column), medium mesh and fine 
mesh were selected (with double the number of elements of coarse mesh at the critical 
region) are investigated in this study. In the present study, there are 3 failure parameter 
SDV1, SDV2 & SDV3 are used which are defined in section 4.2 (failure criterion) 
Figures 4.1 (b), (c) and (d) show each of the three meshes respectively.  Fig. 4.2 (b) 
compares the computed load-displacement curves of C635 modeled with coarse mesh, 
medium mesh and fine mesh. Table 4.2 compares values of stiffness and strength of the 
frame for these 3 meshes. Figures 4.3 (a), (b) and (c) present the associated matrix 
cracking parameter SDV2 at the computed peak loads and Figures 4.4 (a), (b) and (c) 
present the delaminating parameter SDV3. These outputs show that there is very little 
difference amongst models with these three meshes. As compared to the model with 
medium mesh density, both models with coarser mesh and finer mesh result in less than 
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1% difference in computed frame stiffness and strength. The associated failure modes are 
also similar. Based on the marginal accuracy obtained by refining the mesh in critical 
region, the medium mesh with C3D8 element type which was chosen in previous section 
for comparison with C3D20 element type, was adopted for performing the parametric 
study using the finite element analysis. 
4.1.3 FE Modeling 
Models C635, C320 and C955 are first modeled since these models were tested in 
Carrion’s [4] experiments. The finite element mesh for C635 is plotted in Fig. 4.2 (a). A 
total of 10206 elements are used for this model. The critical region is shown magnified in 
Fig. 4.2 (c), where smaller elements were adopted because failure was first observed in 
this region. Larger elements were used for members far away from these regions. In this 
study, adhesive layer was modeled individually to study the bonding condition between 
cuff and members. The FE mesh of adhesive layer for model C635 is shown in Fig. 4.5. It 
is reported here that the other two models C955 and C320 were idealized in a similar 
manner.  In the through thickness direction of the cuff, 1, 2 and 3 elements were used for 
the cuff wall thickness 3.20mm, 6.35mm and 9.55mm respectively, with the FE meshes 
for cuffs of C320 and C955 shown in Fig. 4.6 and for adhesive layer 1 element was used 
in the through-thickness direction. For beam and column in this direction, 2 elements were 
used for thickness 6.35mm and 1 element for thickness 3.20mm. 
Due to geometrical symmetry with respect to the vertical plane, only half of frame was 
modeled to expedite the computation. In this study, geometric nonlinear effects have been 
taken into account in view of the ultimate strength of the frame to be investigated. It is 
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noted that linear analysis cannot reveal the realistic distortion of the whole frame. In this 
study, local coordinate systems were defined for the frame parts to enable different fiber 
layout to be assigned correctly and to rotate with the element directions as deformation 
takes place. Cylindrical coordinate system was used for the rounded fillets (models with 
these fillets would discuss later) to accurately describe the material direction. 
     (a) 
                                              (b) 
 
                                               (c)   
 
                                             (d) 
 
Fig. 4.1 Different Finite Element meshes for model C635 (a) FE mesh for the whole model (b) Coarse mesh 
for critical region, (c) Medium mesh (refined mesh) for critical region (d) Fine mesh for critical region  
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(a)                                                                                                  (b) 
 
Fig. 4.2 Load vs. Displacement curves (a) Model C635 with element type C3D8 and C3D20 (b) Model C635 
with different element type C3D8 (coarse, medium and fine meshes respectively) 
 
Table 4.1   Stiffness and strength comparison of models C635 with element types C3D8 & C3D20 
 
 Coarse mesh  - C3D20 Medium mesh  - C3D8 
Strength (KN) 19.1 19.8 
Increase (%) b  3.7 
Stiffness a 547 542 
Increase (%) b  - 0.9 
a  In the comparison, the frame stiffness Kframe is evaluated from zero load up to a displacement of 11mm for 
comparison with Carrion’s experimental results. 
b Increase is define as value from the other models as compared to value on C635 with element type C3D20. 
 
 
Table 4.2  Stiffness and strength comparison of models C635 with coarse, medium and fine mesh 
(C3D8 element type) 
 
 Coarse mesh - C3D8 Medium mesh - C3D8 Fine mesh - C3D8 
Strength (KN) 20.0 19.8 19.6 
Increase (%) b 1.0  -1.0 
Stiffness a 539 542 543 
Increase (%) b -0.6  0.2 
a  In the comparison, the frame stiffness Kframe is evaluated from zero load up to a displacement of 11mm for 
comparison with Carrion’s experimental results. 
b Increase is define as value on the other models compared to value on C635 with medium mesh. 
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(a)                                               (b)                                               (c) 
 
Fig. 4.3 Matrix cracking parameter SDV2 of GFRP cuff (Model C635) at their FEM peak load: (a) coarse 
mesh, (b) medium mesh, (c) fine mesh 
 
       
(a)                                               (b)                                               (c) 
 
 
Fig. 4.4 Delaminating parameter SDV3 of GFRP cuff (Model C635) at their FEM peak load: (a) coarse 
mesh, (b) medium mesh, (c) fine mesh 
 
                                  
 
Fig. 4.5 Finite element meshes for adhesive layer of model C635  
 
(a)  (b) 
 
Fig. 4.6 Finite element meshes for cuffs of model (a) C320 and (b) C955  
 
4.1.4 Boundary Conditions 
The boundary conditions used in the finite element model were the same as those for the 
experimental [4] and numerical analysis of Carrion et al. [5].  That is, at the bottom of the 
column a pin was placed and at the end of the beam a roller was located (only translation 
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along loading direction was allowed). These boundary conditions were applied at the 
nodes that corresponded to the centroid of experimental support device. Elements around 
the pin-points and the load point (same point with the beam roller) were assumed to be 
rigid, which were achieved by specifying the Young’s modulus significantly larger than 
those of the cuff connection, beam and column in ABAQUS input file.  This is to prevent 
large deformation or high stresses at these regions that would terminate the finite element 
computation prematurely. 
4.2 Failure criterion 
In the research performed by Carrion et al, the Tsai-W failure criteria were used to predict 
ply failure. However, an obvious shortcoming of this approach is that it only predicted the 
occurrence of failure but does not indicate the failure modes and specify how the 
composite fails and associated degradation of material properties after damage. This 
means that progressive failure analysis could not be performed using that method. In order 
to design efficient composite structures, accurate computation of stresses and reliable 
prediction of ultimate strength are needed and hence progressive failure analysis is 
necessary. Typically, when using the finite element method to conduct progressive failure 
analysis of composite material structure, one technique is to alter the mechanical 
properties of the finite element within a mesh when that element satisfies a chosen failure 
criterion. In this technique, different failure modes of the composites are modeled 
separately to meet the requirements of different failure criteria. The principal failure 
modes are: 
1) Fibre mode (predict by fiber breakage failure parameter SDV1 in this study) 
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2) Matrix mode (predict by matrix failure parameter SDV2 in this study) 
3) Delamination mode (predict by delamination failure parameter SDV3 in this study) 
According to Hashin’s [11] failure criteria presented in 1980, in which the general three-
dimensional stress is considered, fiber failure and matrix failure can be modeled separately 
by a quadratic polynomial containing the appropriate stress components. Delamination 
can be predicted using the equation given by Ochoa and Engblom. [12]. (See Table 4.3)  
Table 4.3: Failure criteria for different damage modes 
 
Damage Mode                                                             Criteria 
Fibre breakage           
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Where XT and XC are, respectively, the tensile and compressive strengths in the 
longitudinal direction; similarly, YT and YC are the strengths in transverse direction, and 
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S12, S13, S23 are the shear strengths in 1-2, 1-3, and 2-3 planes. Zl is the inter-laminar 
(through-the-thickness) tensile strength. 
4.3 Progressive Failure Analysis: 
The prediction of first-ply failure in a composite laminate (which was performed by 
Carrion et al. [5]) is becoming standard procedure within major finite element software 
packages.  However, the prediction of subsequent failures after the initial damage has 
occurred is difficult. This is because the stress analysis of a composite laminate with many 
small cracks is relatively intractable.  
4.3.1 Background of Failure Analysis 
Many researchers have conducted investigations in this field and so far there are two 
approaches to represent damage in composite laminate: one is to modify the stiffness 
matrix and the other is to degrade the material properties.  
Using the former approach, Chang et al. [13, 14] performed progressive failure analysis of 
notched composite laminates in tension by FEM and solved the nonlinear FE equations by 
the modified Newton-Raphson iterative technique. Stiffness reduction was carried out at 
elemental level. In his study only two-dimensional stress analysis was considered and 
hence the delamination failure mode between plys could not be taken into account.  Lee 
[15] analyzed damage accumulation in composite laminate containing a central hole and 
subjected to in-plane biaxial loading, which was a fully three dimensional failure analysis. 
Stiffness reduction was carried out at elemental level and three damage modes: fibre 
breakage, matrix failure and delamination were involved in his analysis using his own 
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failure criterion. However, Lee’s program failed to predict the delamination mode because 
of the coarseness of his finite element mesh. Ochoa and Engblom [12] carried out stress 
analysis with higher order plate theory to include through-the-thickness effects and 
computed the transverse shear and normal stresses from the equilibrium equations. In the 
study the stresses were calculated for each element at the Gauss integration points. 
Hashin’s failure criterion was used to predict damage. 
Using the latter approach, Tan [16] performed a progressive failure of composite 
laminates with openings subjected to in-plane tensile loading. He used Tsai-Wu failure 
criterion to carry out the failure prediction and utilized stiffness-degradation factor to take 
into account the damage in a lamina. The stiffness-degradation factors were chosen 
through a parametric study and different factors were used for longitudinal, transverse and 
shear moduli due to different failure modes.  Reddy [17] performed a 3-D progressive 
failure analysis of composite laminates under axial tension. Two stiffness reduction 
methods were carried out at the Gauss points: the first was degradation of the 
corresponding stiffness properties of each stress direction; and the second assumed a 
coupled relationship between normal and shear stiffness properties and hence the elastic 
modulus, shear moduli and Poisson’s ratios were degraded simultaneously. The damage 
models used in the study was similar to that used by Lee [15], but the failure criterion 
adopted was Tsai-Wu criterion. 
4.3.2 Failure Analysis Method Used in Present study 
In the present study, the damaged material properties will be replaced by equivalent 
material properties, which are assumed to be a degradation factor (DF) multiplied by the 
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original properties of undamaged material. Degradation factors are widely used in 
macroscopic damage modeling but there is no formulation that can predict them, and only 
a few studies have presented parametric studies to evaluate the effect of damage in failure 
analysis [16, 17, and 18]. As damage evolves in laminates, degradation factors play a key 
role in redistributing stresses and finally determining the ultimate strength of the 
component.  Therefore, some efforts were conducted using different failure modes (as 
predicted by different failure criteria) to investigate the factor which resulted in good 
match with the test ultimate strength.  The following degradation factors for material 
properties within the damaged region were finally adopted to evaluate the material 
damage:  
• For fiber breakage failure mode : this damage is a catastrophic mode of failure and 
once it occurs the ply cannot continue to carry load and consequently the 
properties in this fiber direction would be considered to reduce to zero. Therefore 
the degradation factor is defined as 0.0. 
• For matrix cracking and compression failure mode : the matrix is considered retain 
some capacity to continue carrying load after cracking. A degradation factor of 
0.15 is adopted in this study. 
• For delamination failure mode : A degradation factor of 0.15 for the through-
thickness properties is also used after delamination has occurred. 
An element is predicted to fail when its stresses satisfy anyone of the criteria listed in 
Table 4.3. Once a failure is detected, certain properties of this element will suffer some 
degree of degradation. The amount of property reduction strongly depends on which 
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failure mode occurs.  Table 4.4 lists the equivalent material properties after every damage 
mode appears. 
 
Table 4.4  Equivalent material properties with different failure mode 
 
Failure Mode Equivalent Material Properties 
Fiber Breakage E1d = DF * E1; 
ν12 d = DF * ν12 ; ν13 d = DF * ν13;  
G12d = DF * G12 ; G13d = DF * G13 ; 
 
Matrix Cracking E2d = DF * E2; 
ν12 d = DF *ν12 ; ν23 d = DF *ν23;  
G12d = DF * G12 ; G23d = DF * G23 ; 
 
Delaminating E3d = DF * E3; 
ν13 d = DF *ν13 ; ν23 d = DF *ν23;  
G13d = DF * G13 ; G23d = DF * G23 ; 
 
 
Therefore, three-dimensional failure analysis can be performed. Stress analysis is carried 
out by finite element method first and certain elements are considered failed when their 
stress satisfy any one of the criteria listed in Table 4.3. In order to continue the analysis, a 
new finite element configuration with appropriate material properties changed will be set 
up, and then the analysis can proceed to identify the new failures. In this study all of the 
failure criteria showed in Table 4.3 are incorporated as user-subroutine (USDFLD) in 
ABAQUS according to failure modes to account for the property damage of an element 
after failure (which satisfies an associated failure criterion).  
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CHAPTER 5 
 




The three finite element models C955, C635 and C320, as described in Chapter 4, have 
been generated based on test results obtained by Carrion et al. [4] (corresponding to 
Specimens 6, 10 and 12).   Each of these specimens is made from pultruded fiber 
reinforced plastic (PFRP).   The three finite element models are analyzed to compare with 
the test results as well as validate the accuracy of the present numerical method. 
Based on Carrion’s [4] research, the key failure mode of these three models was matrix 
cracking.  Delamination occurred with matrix cracking, but developed at a slower rate than 
matrix cracks, and is mainly concentrated at the top and bottom corners of the cuff 
connection. Fiber breakage was not observed in these three models until the test structure 
collapsed.  
5.1 Comparison of FE First Cracks with Test First Visible Cracks 
The plots of cuff matrix cracking parameter SDV2 (shown as in Fig. 5.2.1, Fig. 5.3.1 and 
Fig. 5.4.1) showed that the matrix failure of all three models first started from the bottom 
corner of the cuff (at 17%, 18%, 28% of each of the tested maximum loads for model C635, 
C320, C955 respectively) and then were discovered at the top corner of the cuff (at 30%, 
30%, 37% of each tested maximum loads). Meanwhile, plots of delamination parameter 
SDV3 (Fig. 5.2.2, Fig. 5.3.2 and Fig. 5.4.2) indicated that delamination occurred along with 
matrix cracking, and also started from the bottom corner and subsequently were found at 
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the top corner. These results showed good agreement with the test results obtained by 
Carrion [4], in which failure also started from the corners of the cuff. The high stress 
concentrations at the corners led to failure first appeared at these points and this was also 
supported by Carrion [5] in his FE analysis. However, from the experimental results, all 
these three specimens were observed to sustain initial cracking from the top cuff corner and 
this was not predicted by Carrion.  It was highlighted by Carrion [5] that his FE analysis 
was based on an assumption that the material compressive strength was the same as its 
tensile strength and this might be one reason for the difference in behaviour. In general, 
compressive strength is different from tensile strength for fiber-reinforced composite. 
Therefore, using tensile strength value (most of time lower than compressive strength) to 
predict compressive behaviour might cause underestimate. The other reason might be due 
to test limitation - compressive cracks were not as easy to identify as tensile cracks. 
In analyzing these three models, the matrix cracking at both bottom and top beam corners 
of the cuff took place much earlier than the test visible cracks (which occurred at nearly 
65%, 65% and 60% of the test peak load for model C635, C320, C955 respectively). As 
some of the material properties were lacking, the assumed properties might be lower than 
the actual properties. And even for the tested material properties, many researchers agree 
that the adhesive bulk material properties cannot always be the same with real properties 
when significantly different length and shape are used. Moreover, it is possible that the 
load measured when the first ‘visible’ cracks appeared in the test may be higher than the 
actual load that caused the first ply failure. Some cracks may be too small to be observed 
by human eyes, and thus the first damage observed may be later than the first ply failure. 
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5.2 Damage Comparisons of FEM and Test Results with Increasing Load  
At the load corresponding to first visible cracking for the tests, matrix damaged area all 
expanded around cuff corners for three models. (as shown in Fig.5.2.1 (b), Fig. 5.3.1 (b) 
and Fig. 5.4.1 (b).) It is noted that at this step, the beam and column showed their first 
damage (matrix failure parameter SDV2 and delaminating parameter SDV3 for some 
elements both exceed 1.0), which was predicted from Fig. 5.2.3 (a), 5.3.3 (a) and 5.4.3 (a).  
The plots of plastic strain PEEQ of adhesive layer are shown in Fig. 5.2.4, Fig 5.3.4 and 
Fig. 5.4.4 for model C635, C320 and C955 respectively. These figures showed that the 
adhesive layer did not have any failure - none of the elements in the adhesive layer reached 
the maximum plastic strain. These outputs might be extended to other models to analyse 
and predict first visible damage. 
When the load is continued to increase to the analytical peak load, the plots of delaminating 
parameter SDV3 (Fig. 5.2.2 (d) and Fig. 5.3.2 (d)) of model C635 and C320 showed clearly 
that delamination was propagating from the two corners towards each other through the 
depth of the cuff-beam. The cuff matrix cracking of these two models (Fig. 5.2.1 (d) and 
Fig. 5.3.1 (d)) developed likewise, except that the damaged regions were much larger than 
delamination regions, and at the peak load the damage regions that extended from corners 
were nearly connected. Meanwhile, some elements of the adhesive layer also reach 
maximum plastic strain (Fig. 5.2.3 (b) and Fig. 5.3.3 (b)), around the points that connected 
the top and bottom corners of the cuff (especially the bottom corner), which might imply 
the cracks extended through the thickness direction to the adhesive layer and lead to some 
degree of bonding failure. At the same time the beam end and column also had some matrix 
cracking and fiber delamination that distributed along the beam-column connecting line, as 
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shown in Fig. 5.2.3 (b) and Fig. 5.3.3 (b), and this is possible due to the large deformation 
of attached adhesive layer. All the above results might predict that at the peak load severe 
damage occurred at the cuff corners and these damages might already propagate both 
through the cuff beam depth and through the thickness direction to the connecting adhesive 
and beam/column. These damage showed excellent agreement with the test results in which 
both top and bottom corners of these two specimens had obvious cracks at their peak loads, 
and after that the cuff cracking extended through the depth of the beam part of the cuff and 
gradually the beam and cuff crushed into the column [4], which must correlate with some 
beam, column failure and bonding failure. Therefore, these analytical peak loads are 
reasonable and can be accepted as the final maximum loads. 
As for model C955, the cuff cracking and delamination developed very slowly when the 
load was increased as compared to C635 and C320. Even when the load reached its peak 
point, the plots of matrix failure parameter SDV2 and delaminating parameter SDV3 (Fig. 
5.4.1 (d) and 5.4.2 (d)) did not show as large failure areas as the previous two models, 
which may imply that this cuff did not damage so severely as the other two models and the 
cuff cracks may not be the cause of the collapse of the whole structure. This indication 
agrees well with the experimental results because the cuff cracking and cuff damage were 
not the cause of the collapse of this specimen. The plot of adhesive plastic strain PEEQ 
(Fig. 5.4.4) can also provide some implications: at the region connected to the cuff corner 
no strain exceeds the maximum plastic strain as those two models did, which also predicted 
the cuff damage did not extend to the adhesive at this peak load. However, at the edge (the 
edge that bond the beam) of the adhesive the strain of some elements exceeded the 
maximum plastic strain. This, in general might indicate debonding occurring between cuff 
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and beam at these region. It can be seen from the SDV2 plots in Fig. 5.4.3 that the beam 
began to fail at the peak load and one of the failure regions was right at the cuff terminating 
point at the top of PFRP beam section. It also can be seen from the SDV2 plots of cuff (Fig. 
5.4.1 (d)) that the inside surface of the cuff beam end had some degree of damage. 
Comparing the beam, adhesive and cuff plots, a conclusion may be drawn that it was beam 
deformation which eventually lead to some degree of debonding. All above discussion 
highlight that this model did not fail by cuff cracking, but failed by beam failure, which 
was same as observed from the test results. In the test this specimen failed due to the 
crushing of PFRP box beam and the failure region also agreed with the FEM results. At this 
point, the analysis results match very well with the test results. Hence, this load can be 
considered as reasonable maximum load as well.  
5.3 Damage Comparisons after the Maximum Load 
After the maximum load, sharp drop-off of load is observed in the load-displacement 
curves for all three models, as shown in Fig. 5.1, which were different with the test results. 
The load-displacement curve obtained from the tests (see Fig. 3.5) showed significant 
residual strength after reaching the peak load. This may be the result of lower carrying 
capacity in the FE model after the failure criterion was exceeded.  It should be noted that 
material degradation factors after damage were assumed and were not reported in the tests.  
It is expected that when post-failure material data is available, the FE prediction can be in 
better agreement with the test. The cuff matrix failure and cuff delamination plots posted in 
Fig. 5.2.1(e)~5.4.1 (e), Fig. 5.2.2 (e)~5.4.2 (e), the adhesive layer plastic strain and the 
beam/column matrix failure plots posted in Fig. 5.2.4 (c)~5.4.4 (c), Fig. 5.2.3 (c)~5.4.3 (c) 
showed the failure modes were identical with the test - that is, the first two models (C635 
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and C320) failed because of cuff cracking, and C955 failed because of beam crushing. 
Hence, these termination points of analysis could be treated as the failure flag of the 
structure. 
5.4 Stiffness and Strength of Frame 
The overall load-displacement curves (Fig. 5.1) for C635 and C320 (which are indicated as 
Specimen 10 and 12 respectively in Carrion’s study [4]) are very similar with the test 
curves, as shown in Fig. 3.5. It can also be seen from the results in Table 5.1 that the frame 
stiffness Kframe and strength prediction of these two models through the present finite 
element analyses are within 8% and 2% of the experimental values respectively. The 
rotational stiffness, however, like the analysis result of Carrion [5] had up to 26% 
maximum difference with the experimental values. One possible reason for this large 
variation may be from the test, which has already been explained by Carrion [5], is the 
difficulty of experimentally measuring the rotational stiffness. Because the material 
properties in the present study, except adhesive, were the same as Carrion’s analysis, 
similar difference may also appear and therefore, these large rotational stiffness differences 
can also been considered reasonable. 
For C955, there is no published test data for the monotonic load case, and only cyclic load- 
displacement curve (Fig. 3.5) obtained from the experiment was presented. Hence, it may 
not be directly applicable to compare the test and numerical results, where the frame 
stiffness, rotational stiffness and maximum frame strength can be compared. However, the 
values listed in Table 5.1 are very close to the experimental results (table 3.1), with the 
differences within 5%. 
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In summary, the present FE results are in close agreement with the experimental results, in 
terms of the stiffness, strength or the failure modes. Therefore the element type (C3D8), 
finite element mesh density and failure criterion implemented here can be used to conduct 
parametric study to investigate how the cuff geometry, cuff fiber layouts, adhesive 
thickness would affect the frame strength and stiffness so that optimal cuff design 
parameters can be assessed. 
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Table 5.1 
Comparison of FEM results and test results 
 
 C320 C635 C955
Strength (TEST)   (KN) 10.7 20.2 23.2 
Strength (FEM)    (KN) 10.5 19.8 22.1 
b Difference of Strength -1.9% -2.0 % -4.7 %
Frame Stiffness Kframe (TEST) (KN/m) 489 578 608 
a Frame Stiffness Kframe  (FEM)  (KN/m) 451 542 592 
b Difference of Kframe -7.8 % -6.2% -2.6 %
Rotational stiffness Kα (TEST)  (KN/rad) 525 1160 1685 
a Rotational stiffness Kα (FEM)  (KN/rad) 462 876 1643 
b Difference of Kα -11.9% -24.5 -2.5%
Rotational stiffness Kβ (TEST)  (KN/rad) 343 678 795 
a Rotational stiffness Kβ (FEM)  (KN/rad) 289 498 762 
b Difference of Kβ -15.7% -26.5% -4.1%
a To do comparison with the test results, each stiffness is evaluated at displacement = 11mm. (the test values 
were adopt at displacement = 11mm) 
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                             a)                                                   b)                                                       c)  
 
      
 
                             d)                                                   e) 
 
Fig. 5.2.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635):  a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test 
damage, d) at the FEM peak load of model, e) at the FEM terminating load point 
 
    
 
                             a)                                                   b)                                                       c)  
 
          
 
                             d)                                                   e) 
 
Fig. 5.2.2 Delaminating parameter SDV3 of GFRP cuff (Model C635):  a) The first cracks appear at bottom 
corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test damage, 
d) at the FEM peak load of model, e) at the FEM terminating load point 
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  a)   b) 
 
  c) 
 
 
Fig. 5.2.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635):  a) at the load 




  a)    b) 
   c) 
 
 
Fig.  5.2.4 Plastic strain PEEQ of adhesive layer (Model C635):  a) at the load corresponding to the first 
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                             a)                                                   b)                                                       c)  
 
          
 
                             d)                                                      e) 
 
Fig. 5.3.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C320):  a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test 
damage, d) at the FEM peak load of model, e) at the FEM terminating load point 
 
   
 
                             a)                                                   b)                                                       c)  
 
        
 
                             d)                                                      e) 
 
Fig. 5.3.2 Delaminating parameter SDV3 of GFRP cuff (Model C320):  a) The first cracks appear at bottom 
corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test damage, 
d) at the FEM peak load of model, e) at the FEM terminating load point 
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   a)      b) 
 
   c) 
 
 
Fig. 5.3.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C320):  a) at the load 
corresponding to the first visible test damage, b) at the FEM peak load of model, c) at the FEM terminating 
load point 
 
 a)   b) 
 
  c) 
 
 
Fig.  5.3.4 Plastic strain PEEQ of adhesive layer (Model C320):  a) at the load corresponding to the first 
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Model C955 
 
    
 
                             a)                                                   b)                                                       c)  
 
        
 
                             d)                                                       e) 
Fig. 5.4.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C955):  a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test 
damage, d) at the FEM peak load of model, e) at the FEM terminating load point 
 
   
 
                             a)                                                   b)                                                       c)  
 
        
 
                             d)                                                           e) 
 
Fig. 5.4.2 Delaminating parameter SDV3 of GFRP cuff (Model C955):  a) The first cracks appear at bottom 
corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the first visible test damage, 
d) at the FEM peak load of model, e) at the FEM terminating load point 
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Fig. 5.4.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C955):  a) at the load 




    a)    b) 
    c) 
 
 
Fig.  5.4.4 Plastic strain PEEQ of adhesive layer (Model C955):  a) at the load corresponding to the first 
visible test damage, b) at the FEM peak load of model, c) at the FEM terminating load point 
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CHAPTER 6 
 
PARAMETRIC STUDY WITH FINITE ELEMENT ANALYSIS 
 
 
In this chapter, the results of a parametric study with the calibrated finite element 
procedure are reported.  A series of models are built and analyzed to investigate the effects 
of the cuff geometries, the adhesive thickness and fiber layouts of cuff on the stiffness and 
strength of the whole frame. 
6.1 Effects of the cuff wall thickness 
As all the specimens tested are of different cuff wall-thicknesses, the influence of the cuff 
wall thickness is investigated first. In addition to the 3 models (C320, C635, and C955) 
that have been studied in the previous chapter, finite element analyses were conducted for 
3 groups of models in this section for comparisons. 
6.1.1 Group 1 -for the study of cuff wall thickness (Models C320, CTL320, CTN320 
and C635) 
In this group, a new model was set up to compare the effect of the cuff wall thickness. 
Except for parts of the cuff wall thickness, which were increased to 6.35mm at the beam 
flange and column flange (on the side that connects to the beam) portion, other cuff wall 
thickness were all equal to 3.20mm. The layouts of the added fibers in the thickened 
segment of the cuff wall were also studied. Two layouts, normal (the same as the original 
fiber layout of cuff wall) and longitudinal, were modeled in the present work, and models 
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with these two layouts were termed as CTN320 and CTL320, respectively (as shown in 
Fig. 6.1.1). 
The analysis results were also compared with the model C635 and C320 to study how the 
frame stiffness and strength varied when cuff wall-thickness changed.  
                                     
 
                                   (a)                                                  (b) 
 
Fig. 6.1.1 Cuff geometric parameter and fiber layouts of (a) CTN320 (b) CTL320
 
For both CTL320 and CTN320, fiber breakages did not occur on the cuff before reaching 
their maximum load, as shown in Fig. A.1.1 and Fig. A.2.1, and delamination only 
occurred at the top and bottom corners of the cuff (see Fig. A.1.3 and Fig. A.2.3). Matrix 
cracking (Fig. A.1.2 and Fig. A.2.2) was the main damage mode. 
Similar to Model C320, both SDV2 and SDV3 plots (See Appendix Fig. A.1.2, Fig. A.2.2 
and Fig. A.1.3, Fig. A.2.3) presented that the first cracking and delamination of these two 
models occurred at the cuff corners even if parts of their cuff wall were thickened, which 
also came from the sharp corner and stress concentration at these region. 
Fortunately, at the test maximum load of C320 both models exhibited smaller matrix 
damage and delamination areas than C320 did, as shown in their SDV2 and SDV3 plots. 
This indicates that increasing that part of cuff wall thickness could actually enhance the 
damage resistance of the frame. 
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To the peak load, the matrix damage expanded quickly on the cuff-column web until 
finally connected with the other part of damage region, which first appeared at the 
opposite cuff-column flange and then the finite element calculation terminated. This result 
is reasonable because the cuff-column web and the opposite cuff-column flange were not 
thickened and hence the cracks would extend to these weaker parts. In the SDV plots of 
beam/column, (see Fig. A.1.4 and Fig. A.2.4), matrix cracking only appeared at the 
column web that connected cuff-column web, which matched very well with the cuff 
damage region. The plots of equivalent plastic strain PEEQ (in Fig. A.1.5 and Fig. A.2.5) 
of adhesive layer indicate that the adhesive did not have other failure except for the 
corners that connected the cuff corners. These damage plots pointed out that all the 
damage regions were related to cuff corners and cuff-column web, which may imply that 
both models would fail with cuff matrix cracking that first appeared at their sharp cuff 
corners.  After the corner damage appeared, the cracks of these two models would extend 
to cuff-column web and then to the opposite cuff-column flange. This was slightly 
different from C320 where cracks extended from the corners towards each other. 
The load-displacement curves for these two models are shown in Fig. 6.1.2, along with the 
curves for C635 and C320. This figure shows that thickening the cuff-beam flange and 
column flange (next to the beam) to 6.35mm (with an increase 18% of material) can 
greatly increase the strength and stiffness of structure as compared to C320, with an 
increase of 26% and 10% for CTL320, 24% and 8% for CTN320, as listed in Table 6.1. 
Thickening all the cuff wall thickness to 6.35mm (C635) can increase the structural 
strength and stiffness by about 89% and 20% respectively, which are much higher than 
only thickening the cuff-beam flange and column flange (next to the beam). However, 
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C635 needs double the material as compared to C320. This may imply when the cuff wall 
is fairly thin, thickening the cuff wall thickness would improve the structure stiffness and 
strength greatly and seemed to be proportional to the material volume.  
Comparing CTL320 and CTN320, all the finite element analysis results were found to be 
similar for these two models. Their failure modes were similar and their strengths were 
nearly same. The stiffness of model CTL320 was only 2% higher than model CTN320. 
These results may show us that the longitudinal fiber layout does not have much 
advantage comparing to normal fiber layout when the structure is subjected to moments. 





























 - 52 - 
Chapter 6: Parametric Study with Finite Element Analysis 
Table 6.1  
Stiffness and strength of 4 models C320, CTL320, CTN320 and C635 
 
 C320 CTN320 CTL320 C635
Strength (KN) 10.5 13.0 13.3 19.8 
Increase (%) b  23.7 26.0 88.6 
Stiffness a 451 486 496 542 
Increase (%) b  7.8 9.8 20.2 
Material increase (%) b  18 18 100 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b Increase is defined as value on the other models compared to the value on C320. 
 
6.1.2 Group 2 -for the study of cuff wall thickness (Models C635, C955, CTL635 and 
CTN635) 
Similar to Group 1, two new models CTL635 and CTN635 (with fiber layouts in 
longitudinal and normal respectively) were set up and analyzed in this group. Except that 
parts of the cuff wall thickness were increased to 9.55mm at the beam flange and column 
flange (on the side that connects to the beam) portion, other cuff wall thickness were all 
equal to 6.35mm (as shown in Fig. 6.1.3). The analysis results were also compared with 
the model C635 and model C955 to study the influence of the cuff wall-thickness on the 
frame.  
                 
 
                            (a)                                                  (b) 
 
Fig. 6.1.3 Cuff geometric parameter and fiber layouts of (a) CTN635 (b) CTL635  
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The behaviour of  CTL635 and CTN635 is observed to be different from models in Group 
1,  in which the fiber breakages did not occur on the cuff.  Delamination also occurred 
only at the top and bottom corners of the cuff (see Fig. A.3.2 and Fig. A.4.2) and matrix 
cracking was the main damage mode of the cuff. 
The stress concentration at the sharp corners caused first cracks at these regions, which is 
the same as C635 and C955, as plotted in Appendix SDV2, and for SDV3 plot in Fig. 
A.3.1, Fig. A.3.2 and Fig. A.4.1, Fig. A.4.2. When the load increased, the damage area is 
seen to be larger. At the maximum test load of C635, the plots of cuff matrix cracking 
parameter SDV2 (in Fig. A.3.1 and Fig. A.4.1) show that the new cuff models had slightly 
smaller damage areas than C635. This may imply that increasing part of cuff wall 
thickness has not provided noticeable enhancement in load carrying capacity of the frame. 
The load- displacement curves in Fig. 6.1.4 also demonstrated this result, with the strength 
of these two new models only 4% higher than C635 and the stiffness is less than 3% 
higher than C635. When the load is increased to the peak load and until the numerically 
terminated load level, the matrix damage area remained almost the same. This 
phenomenon may suggest that the cuff will not be damaged as much as C635 and the cuff 
cracking may not be the cause of the frame failure.  The plots of beam and column matrix 
cracking parameter SDV2, as seen in Fig. A.3.3 (c) and Fig. A.4.3 (c), lead to the 
conclusion that both models failed because of the beam crushing. This result is different 
from C635, which does not have any beam damage even when the whole frame collapse. 
However, it is similar to C955, which also failed in beam crushing. Comparing CTL635 
and CTN635 with C955, the cuff damages are similar but more severe for these two 
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models. This is reasonable because the cuff beam and column webs of these two models 
are thinner than C955 and therefore the cracks will propagate faster.  
The load-displacement curves of these two models, together with C635 and C955, are 
shown in Fig.6.1.4. In this figure, and Table 6.2, it is seen that increasing the thickness of 
the cuff-beam flange and column flange (next to the beam) to 9.55 mm, the increase in 
strength and stiffness of structure is up to 4%. Thickening all the cuff wall thickness to 
9.55mm (C955) can increase the structure strength and stiffness both by up to 11.6%, with 
an increase of 50% of the materials comparing to C635. These improvements were much 
lower than that of Group 1 which may imply that, when the cuff wall is thick enough, a 
futher increase in the cuff wall thickness will have marginal improvement in the structural 
stiffness and strength. A conclusion can be drawn that the cuff wall thickness 6.35mm 
(which is the same as the beam wall thickness) can already provide sufficient stiffness and 
strength to ensure that the structure is strong and ductile.  However, structural designers 
may prefer the failure mode be changing from cuff cracking to beam crushing because in 
practice joints are required to be built stronger than members.  
By comparing CTL635 and CTN635, as in the case for CTL320 and CTN320, the finite 
element analysis results are nearly same. This further confirms that different arrangement 
of fiber layouts has little effect on the structure when the structure is subjected to in-plane 
bending moment. 
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Fig. 6.1.4 Frame load vs. displacement curves for C635, C955, CTL635 and CTN635
 
Table 6.2  
Stiffness and strength of 4 models C635, C955, CTL635 and CTN635
 
 C635 CTN635 CTL635 C955
Strength (KN) 19.8 20.6 20.6 22.1 
Increase (%) b  4.0 4.0 11.6 
Stiffness a 542 554 558 592 
Increase (%) b  2.3 2.9 9.2 
Material increase (%) b  10 10 50 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b Increase is defined as value on the other models compared to the value on C635
 
6.1.3 Group 3 -for the study of cuff wall thickness (Models C320-R50B25, CTL320-
R50B25, CTN320-R50B25 and C635-R50B25) 
In the above two groups only cuffs with sharp corners were analyzed. As this type of cuffs 
have significant stress concentration at the corners and may result in early corner cracking, 
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some improved cuffs that were introduced by Carrion [5] in his FEM analysis are studied 
in this group. 
Model C320-R50B25, which has an overall cuff wall thickness of 3.20mm, was first built. 
A rounded fillet with R=50mm and B=25mm was provided to replace the previous corners, 
as shown in Fig. 6.1.5 (a). This figure also gives the fiber layout of the rounded fillet, and 
it is consistent with the fiber layouts of cuff-beam flange and cuff-column flange. For this 
model, the inter-spaces between the beam flange, column flange and rounded fillet was 
filled with adhesive, as shown in Fig. 1.2 (d), which was also added in the finite element 
model. 
To compare the effects of thickness, CTL320-R50B25 and C635-R50B25, as shown in 
Fig. 6.1.5 (c) and Fig 6.1.5 (d), which were called “Improved cuff A” and “Improved cuff 
B” respectively in Carrion’s study [5] were then set up. The cuff dimensions and fiber 
layouts were exactly the same as Carrion’s models, while the finite element models for 
these two new cuffs were built based on the considerations of the present study. Meshes 
were almost the same as the previous models (C320 and C635), except for the rounded 
fillet. These additional regions of the fillets were modeled by triangular prism (wedge) 
elements to achieve a better representation of the geometry. In Carrion’s numerical study 
[5] adhesive layers were neglected, thus no adhesive was filled in the fillet regions for his 
“Improved cuff A & B”. In the present research which adopts a different approach from 
Carrion, adhesive is considered to completely fill the fillet regions, as shown Fig. 1.2 (d), 
and triangular prism (wedge) elements are used to model the adhesive in those places. 
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              (a)                                    (b)                                         (c)                                    (d) 
 
Fig. 6.1.5 Cuff geometric parameter and fiber layouts of (a) C320-R50B25 (b) CTN320-R50B25 (c) 
CTL320-R50B25 (d) C635-R50B25
  
To study the influence of different fiber layout on the frame, CTN320-R50B25, as shown 
in Fig. 6.1.5 (b), was modeled and analyzed as well. CTN320-R50B25 had the same 
geometry with CTL320-R50B25, but its added fiber at beam and column flange (next to 
beam) had different layout with CTL320-R50B25. Its extra fiber layout was the same as 
the cuff- C320-R50B25. 
Fig.6.1.6 shows the load-displacement curves for these 4 models. In this figure three 
curves (for C320-R50B25, CTL320-R50B25 and CTN320-R50B25) have an inflexion 
point. After this inflexion point, the displacements increase quickly with slow increase in 
the load and then the curves rise again until reaching the peak point. To investigate this 
behaviour, the cuff damage parameter SDV1, SDV2, SDV3 and beam/column matrix 
cracking parameter SDV2 and plastic strain parameter PEEQ of adhesive layer are plotted. 
The matrix damage started from the two fillet corners of the cuff and propagated toward 
each other. At the load of inflexion point, the matrix-cracking region had already 
connected or almost connected (See Fig. A.5.2, Fig. A.6.2 and Fig. A.7.2). Simultaneously, 
the attached column web appeared to suffer from matrix damage at the corresponding 
position with the cuff matrix cracking, which might imply that severe cracks already 
appeared so that after this point the displacement increased rapidly while the load did not. 
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However, at this point the adhesive layer had not reached its maximum plastic strain and 
hence no adhesive failure occurred. This may help to redistribute the stresses and prevent 
the cracks from widening. Therefore after a short while the curves continue to rise and 
cuff matrix cracking expanded to almost the whole cuff-column web (limited in the beam 
height) when reaching the peak point. At that time adhesive layer began to fail at the 
corner regions (with PEEQ>1.0) indicating the cracks has extended deeply to the fillet 
area and the structure could not continue to carry load and the curves thus dropped off. In 
practice, when large cracks appeared (at the inflexion point) in the joint the structure 
should be considered to have lost its strength and accordingly the load at the inflexion 
point was taken as its maximum load in this study.  
In comparing CTL320-R50B25 and CTN320-R50B25 with C320-R50B25, the former two 
models have about 17% more materials; however, they did not have a significant increase 
in strength and stiffness, with 8% and 6% increase for CTL320-R50B25, 7% and 5% 
increase for CTN320-R50B25 respectively. The structural failure modes of these two 
models were also the same as C320-R50B25, with failure due to cuff cracking. The cause 
may be attributed to the cuff wall thickness being too thin. Although CTL320-R50B25 
and CTN320-R50B25 already had some parts of wall thickened to 6.35mm, the remaining 
cuff walls were still very thin. Moreover, without the stress concentrations at sharp 
corners, crack propagation at corners slowed down. Hence, after the cracks occurred, they 
were able to propagate to these thin walls. Thickening the entire cuff walls would be a 
good arrangement and this will be discussed in the following section. It is noted that 
CTL320-R50B25 and CTN320-R50B25 performed similarly even though they had some 
different fiber layout. 
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By employing around double the amount of materials of C320-R50B25, the stiffness and 
strength of C635-R50B25 were greatly increased, with an increase of 47% and 18% 
respectively.  At the maximum tested load of C320, the plot of SDV2 of cuff showed that 
C635-R50B25 had significantly less damage area than C320-R50B25. When the load 
increased, similar to C320-R50B25, the matrix damage also extended from fillet corners 
toward each other. However, the rate of damage extension was much slower. Even when 
the analysis terminated, the damage regions are observed not connected. This implied no 
devastating cracking occurred on the cuff. The plot of SDV2 of beam/column indicated 
that the structure failed because of beam crushing, this was different with C320-R50B25, 
CTL320-R50B25 and CTN320-R50B25, which all failed by severe cracking of the cuff. 
This phenomenon proved that C635-R50B25 was more flexible than those three models. 
Due to its good flexibility, high stiffness and high strength, the model C635-R50B25 can 
be seen to be a better design, as compared to the other three models. 

















Fig. 6.1.6 Frame load vs. displacement curves for C320-R50B25, CTL320-R50B25, CTN320-R50B25 and 
C635-R50B25
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Table 6.3  








Strength (KN)  14.3  c 15.3  c 15.5  c 20.8 
Increase (%) b  6.7 8.1 45.2 
Stiffness a 493 520 522 578 
Increase (%) b  5.3 5.9 17.3 
Material increase (%) a  17 17 106 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b Increase is defined as value on the other models compared to the value on C320-R50B25. 
c The strength is evaluated at inflexion point. 
 
6.1.4 Brief summary for the study of cuff wall thickness: 
1. From above analysis, the cuff wall thickness has significant influence on the 
structural strength and stiffness. Increasing the cuff wall thickness, irrespective of 
partial or entire cuff wall, will enhance the structural strength and stiffness. The 
most appropriate cuff wall thickness was found to equal to the member flange 
thickness. Cuff of this thickness can transfer full flexural moment of PFRP beam. 
2. Cuffs with parts or entire walls greater than this thickness can provide higher 
frame stiffness and strength. Although not so significant, it can shift the structural 
collapse mode from cuff cracking to beam crushing, resulting in a strong structural 
connection. 
3. When thickening the cuff-beam and cuff-column flange (next to beam), the layouts 
of the added fiber had little influence on the strength or stiffness of the whole 
frame. 
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6.2 Effects of rounded fillet and adhesive in fillet region 
In this section, cuffs with rounded fillet are the main focus. The geometry of rounded fillet, 
adhesive condition would all be considered and discussed. Four groups of models were 
built, analyzed and compared to fulfill the research purpose. 
6.2.1 Group 1 –for the study of rounded fillet (Models C635, C635-R50B25, C635-
RB25, and C635-RB10)
In this group, two new models C635-RB25 and C635-RB10 were set up and are shown in 
Fig. 6.2.1. Together with model C635-R50B25 which had already been discussed in the 
previous section, these three models were compared with model C635 to investigate the 
influence of fillet and the effect of the fillet geometry parameter: fillet radius -R and fillet 
extension length -B (as shown in Fig. 6.2.1) on the frame stiffness, strength and failure 
modes. 
Except for the fillet radius R & fillet extension length B, other geometric dimensions for 
these two new models were all the same as C635-R50B25.  The inter-spaces between the 
beam, column and rounded fillets were fully filled with adhesive, see Fig. 1.2 (d). The 
finite element modeling adopted for C635-RB25 and C635-RB10 was also similar to 
C635-R50B25. At the additional region of fillet (including both rounded fillet and 
adhesive in these regions) triangular prism (wedge) elements were used to better represent 
the geometry. 
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                            (a)                                                  (b) 
 
Fig. 6.2.1 Cuff geometric parameter and fiber layouts of (a) C635-RB25 (b) C635-RB10
Plots presented in Fig. A.8.1, A.9.1 and Fig. A.10.1 were the cuff matrix cracking 
parameter SDV2 for model C635-R50B25, C635-RB25 and C635-RB10 that had 
described above. Their matrix cracks were also started from the bottom corner of the cuff, 
which is the same as C635. The load values that caused these first cracks for these three 
models are all higher than C635, which are respectively 24%, 21% and 19% of the 
maximum tested load for C635. This improvement provides the evidence that rounded 
fillet can certainly decrease the stress concentration and postpone the early cracks that 
appeared at the sharp corner. According to their load value at which the first cracks 
occurred, it seems to show that smaller fillet will result in lower improvement of the frame. 
This provides an implication that cuff with larger fillet dimensions (R & B) may carry 
higher loads and it can be confirmed by the strength value in Table 6.4. Model C635-
R50B25 has the highest strength and Model C635-RB10 has the lowest in the three 
models.  
Similar to model C635, adhesive debonding was not discovered in these three models, as 
shown in Fig. A.8.4, A.9.4 and Fig. A.10.4. 
C635-RB10 has the smallest fillet in three models, so its damage condition was similar to 
C635. This can be observed at the peak load or at the terminating load, with the SDV2 
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plots for both cuff and beam/column. These plots indicated when the frame failed the cuff 
already had severe cracking and could not continue to carry load, just like C635. However, 
cuff cracking was the only failure mode for C635 while for C635-RB10 both cuff cracking 
and beam crushing occurred when the load reached the termination point. The small fillet 
and adhesive fully filled in the fillet area may offer an explanation. When the cracks 
propagated to the adhesive in the corners the adhesive distorted and prevented the rapid 
cracks extending and thus postponed the failure of the whole frame, so that the frame can 
continue to carry load even when cuff cracking was already very severe. The frame failed 
when the PFRP beam began to crush. This might explain why C635-RB10 had 1% higher 
frame strength than C635. 
Models C635-R50B25 and C635-RB25 had much larger fillet radius than C635-RB10 and 
therefore the adhesive filled in the fillet area were more plentiful. From the plots of cuff 
failure parameter SDV2, at their peak loads these two models had only slightly smaller 
cuff damage area than model C635 and C635-RB10, which may tell us the cuff cracking 
were also very obvious, whereas this was not the cause of the frame failure. The final 
failure reason was beam crushing, see Fig. A.8.1 and Fig. A.9.1, where beam web of these 
two models was severely damaged at the final load. Moreover, when the frame failed, the 
adhesive was not severely damaged at the fillet region, as shown in Fig. A.8.4 and Fig. 
A.9.4, which might imply the cuff corners cracked and did not extend inside to the 
adhesive. So the flexible adhesives help to postpone the catastrophic cuff cracking. 
Therefore, as listed in Table 6.4 these two models have much higher load carrying 
capacity than C635 and C635-RB10.  
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In addition to the frame strength, the stiffness of frame also increased with the rounded 
fillet. The stiffness increased around 6%, 3%, and 2% (see Table 6.4) for models C635-
R50B25, C635-RB25 and C635-RB10 in comparison with C635. It indicates that the 
stiffness as well as the frame strength would increase when the fillet dimensions R and B 
are larger.  
The comparison above implies that larger R and B increase the strength and stiffness of 
the frame. From this observation, large fillet dimension may be preferred when designing 
the cuff connection to obtain better cuff performance. However, the larger the fillets, the 
more adhesive have to be provided in the fillet inter-spaces and more weak regions the 
structure may have.  It is important to note that adhesive may not fill the interspaces fully 
and bubbles may be introduced during the fabrication process. If this happens, this may 
cause early debonding between the structural components (beam, cuff and column) and as 
a result may reduce the structural strength and stiffness. For this reason when this type of 
cuff connection is used in practice, the cuff dimentions R & B should be designed 
carefully and should be designed depending on the site equipment to avoid unnecessary 
early damage. 
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Fig. 6.2.2 Frame load vs. displacement curves for model C635-R50B25, C635-RB25, C635-RB10 and C635
 
Table 6.4 
Stiffness and strength of 4 models C635, C635-R50B25, C635-RB25, and C635-RB10
  
 C635 C635-R50B25 C635-RB25 C635-RB10
Strength (KN) 19.8 20.8 20.5 20.2 
Increase (%) b  5.1 3.5 2.1 
Stiffness Kframe a 542 578 567 550 
Increase (%) b  6.8 4.6 1.6 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b Increase is defined as value on the other models compared to the value on C635.
 
6.2.2 Group 2 –for the study of rounded fillet (Model CTN320, CTL320, CTN320-
R50B25 and CTL320-R50B25) 
In this group, four models CTL320, CTN320 and CTL320-R50B25, CTN320-R50B25 
that were already built previously are grouped together for comparative consideration. 
Except for CTL320-R50B25 and CTN320-R50B25 which have rounded fillets (R=50mm, 
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B=25mm) and adhesive filled in fillet area, other geometry and material properties are 
exactly the same for these four models. 
As discussed in previous sections, the load at inflexion point for models CTL320-R50B25 
and CTN320-R50B25 would be treated as maximum load that the frame can support. 
For models with or without rounded fillet in this group, cracks were first discovered at 
corners and then propagated to the cuff-column web where a thinner thickness 3.20mm 
was designed (see the SDV2 plots of these models). However, for models CTL320 and 
CTN320, when cracking extend to the other side of column flange, the frame collapses 
and the calculation terminated. While for models CTL320-R50B25 and CTN320-R50B25, 
the frame can continue to carry load after the cracking region extended to the other side of 
column flange. Until the cracking at the cuff-column web and the beam crushing occurred, 
the whole structure failed. This result is due to the adhesive in fillet region, which 
prevents the beam from crushing into the column and prevented the early frame collapse.  
The load-displacement curves for these four models are shown in Fig. 6.2.3. This figure 
shows that models with fillets gain significantly higher strength as compared to models 
without fillets. CTL320-R50B25 and CTN320-R50B25 had 19% and 17.5% improvement 
on strength respectively and around 7% increase on stiffness as compared with CTN320. 
These values confirm that the cuffs with fillet are considerably stronger than those sharp 
corner cuffs.  
In comparison with Group 1, the models with fillet in this group showed obvious strength 
improvement than models without fillet, whereas the stiffness increases were almost the 
same. The strength of model C635-R50B25 is 5.1% higher than model C635, while 
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strength of model CTL320-R50B25 and CTN320-R50B25 are nearly 19% higher than 
model CTN320. The cuffs in this group had some thin walls (cuff-web wall thickness 
equals to 3.20mm) as compared to Group 1 (with the cuff wall thickness of 6.35mm) and 
this may indicates why the models with fillet has more improvement than those in Group 
1. Models CTL320 and CTN320 not only had thinner cuff wall but also had sharp corners, 
and thus cracks could be formed more readily and then propagated to these thin wall. So 
these models had comparatively lower strength and stiffness. When the additional rounded 
fillet provided, the appearance of corner cracks were postponed and because of the 
existence of fillet adhesive, cracks propagation was also slower. Therefore the 
improvement of load carrying capacity would be obvious. On the contrary, the model 
C635 does not have weak wall, its cuff web had the same thickness as cuff flange and 
hence this model was strong enough to resist damage. Further improvement on its corners 
(with rounded fillet) would therefore not make as obvious strength increase as models 
CTN320 and CTL320. 
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Comparison results of 4 models CTN320, CTL320, CTN320-R50B25 and CTL320-R50B25
 




Strength (KN) 13.0 13.3 15.3   c 15.5   c
Increase (%) b  1.9 17.5 19.0 
Stiffness Kframe a 486 496 519 522 
Increase (%) b  1.9 6.8 7.4 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b Increase is defined as value on the other models compared to the value on CTN320
c The strength of is evaluated at inflexion point. 
 
6.2.3 Group 3 –for the study of rounded fillet (Models C635, C635-R50B25-NF, C635-
RB25-NF and C635-RB10-NF) 
In this group, in order to study the influence of the adhesive in the fillet region, three new 
models, C635-R50B25-NF, C635-RB25-NF and C635-RB10-NF, were set up and 
analyzed, and then compared with C635, as show in Fig. 1.2 (c). 
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The models in this group were exactly the same as those in Group 1 except that no 
adhesive is included in the interspaces between beam, column and rounded fillets. Hence, 
except that the adhesive layer was modeled differently, other parts were modeled in the 
same way as those in Group 1. Fig. 6.2.4 shows the finite element meshes of adhesive 
layer for model C635-RB25-NF, with no adhesive element at the fillet region. Meshes for 
the other two models are similar. 
 
 
Fig. 6.2.4 Finite element meshed used to model adhesive layer of C635-RB25-NF 
 
Carrion [5] introduced two improved models: “Improved cuff A” and “Improved cuff B” 
in his research. Since no adhesive layer was incorporated in their finite element analysis, 
the interspaces between the rounded fillet, beam and column were consequently void and 
did not have adhesive filled at all.  In the present study, the adhesive layers were modeled 
separately in the FE models so that the adhesive filled in the interspaces at the fillet 
regions can also be modeled by the FE meshes. C635-R50B25, C635-RB25 and C635-
RB10 which were discussed in Group 1 were the models with adhesive filled in these 
regions. However, in order to compare with Carrion’s research, the models without these 
parts of adhesive also need to be built and analyzed. These new built models are called 
C635-R50B25-NF, C635-RB25-NF and C635-RB10-NF which are comparable to those 
models with fully filled adhesive. 
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It is interesting that this study obtained fairly different results with those obtained by 
Carrion [5]. The model C635-R50B25-NF (which was named as ‘improved cuff B’ in 
Carrion’s research) did not have as high stiffness and strength increases as Carrion 
obtained, especially when the load became higher. 
Fig. 6.2.5 shows the Load-displacement curves for the four models that are studied in this 
section. At first, when the load was low (with the displacement at less than 11mm) the 
frame performed linearly, except for C635- R50B25-NF which had higher stiffness than 
C635 and the other 2 models (C635-RB25-NF and C635-RB10-NF which had lower 
frame stiffness than C635). The frame stiffness improvement for C635-R50B25-NF (3.5%) 
agrees with Carrion’s analysis [5] but was not as high as what he pointed out (7% for his 
“Improved cuff B”). However, when the load continued to increase, the frame stiffness of 
C635-R50B25-NF, C635-RB25-NF and C635-RB10-NF dropped considerably more 
quickly than the C635. When the frame displacement equaled to 25mm the frame stiffness 
of these three models were all lower than that of C635. This result is different from 
Carrion’s conclusion in which the “Improved cuff B” (C635-R50B25-NF in this study) 
had higher stiffness than C635. As to structural strength, all three models with fillets had 
lower load carrying capacity than the C635, which is also different with Carrion’s analysis 
results. (In his analysis, C635-R50B25-NF had a 16% improvement in strength.) The 
reason for these differences may be due to the linear geometric analysis which did not 
account for failure in Carrion’s analysis.  
It is observed from Fig. A.11.1, Fig. A.12.1 and Fig. A.13.1 that the first crack started 
from both corners of models almost simultaneously at about 22%, 20%, and 20% of the 
load corresponding to the experimental maximum load of C635.  This is slower than the 
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first crack appearance of C635. At this point, these 3 new models with fillet (but without 
adhesive filled in fillet area) are stronger than C635 in the early loading stage. 
Without the adhesive in the fillet area, the rounded fibers (especially the bottom rounded 
fibers which are under compression) and the additional region of fillet are not stable and 
this may significantly reduce the structural strength when the load reaches a limit, and the 
stiffness of structure may be influenced as well. This can be seen from Fig. A.11.2, Fig. 
A.12.2 and Fig. A.13.2, with the cuff delamination parameter SDV3. Delamination is 
found to be concentrated at the rounded fibers and the additional triangular fillet region. 
The corner under compression damaged more severely than the corner under tension. At 
the same time, the adhesive layer had obvious damage at the cuff corner regions as well 
(see Fig. A.11.4, Fig. A.12.4 and Fig. A.13.4), which also affected the beam, cuff and 
finally the frame performance. An interesting observation can be noted from the load-
displacement curves of these 3 models, as shown in Fig. 6.2.5 and Table 6.6. The strength 
of the structure was reduced when the radius “R” and the length “B” increased. This 
phenomenon can be readily explained because when the radius “R” and the length “B” 
become larger the fillet regions would become more unstable and thus delamination and 
matrix cracking are more prone to occur. For this reason, the damage mode of C635-
RB10-NF which had very small fillet dimensions was very close to model C635. The plot 
of its cuff matrix cracking parameter SDV2 (as in Fig. A.13.1) showed severe matrix 
cracking occurring at the maximum load, which predicted cuff cracks may be a cause of 
frame collapse. The other two models C635-R50B25-NF and C635-RB25-NF did not had 
as large matrix cracking areas as C635 at the peak load, which meant fiber delamination 
might be the cause of the failure instead of cuff matrix cracking. The stiffness of the frame 
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showed different trend from the frame strength - it rose with the fillet dimensions, 
although when the load increased the stiffness of these 3 models all decreased and became 
lower than that of model C635. It may indicate that, even without adhesive filled in the 
fillet region, larger cuff fillet dimensions will create stiffer frame than frames with smaller 
cuff fillet. 
Comparing the values in Table 6.6 (for Group 3) and Table 6.4 (for Group 1), adding 
adhesive in the fillet regions can increase both frame stiffness and strength considerably. 
Therefore, when designing this type of cuff, full adhesive are recommended to fill in the 
interspaces between the rounded fillet, beam flange and column flange, because without 
adhesive in fillet areas, it would lead to early delamination and frame instability. 
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Table 6.6 
Comparison results of 4 model C635, C635-R50B25-NF, C635-RB25-NF and C635-RB10-NF 
 
 C635 C635-R50B25-NF C635-RB25-NF C635-RB10-NF 
Strength (KN) 19.8 18.6 18.9 19.6 
Increase (%) c  -5.9 -4.7 -1.1 
Stiffness Kframe a 542 561 540 532 
Increase (%)  3.5 -0.4 -1.7 
Stiffness Kframe b 514 513 502 501 
Increase (%)  c  -0.3 -2.3 -2.5 
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b The frame stiffness Kframe here is evaluated at a displacement of 25mm to investigate how the stiffness 
changed when the load increased. 
c Increase is defined as value on the other models compared to the value on C635
 
6.2.4 Group 4 –for the study of rounded fillet (Model CTL320, CTN320, CTL320-
R50B25-NF and CTN320-R50B25-NF) 
In this group, two new models CTL320-R50B25-NF and CTN320-R50B25-NF were built 
and compared with CTL320 and CTN320 to study the influence of the adhesive in fillet 
regions. 
Fig. A.14.1, A.14.2, Fig. A.15.1, and Fig. A.15.2 show matrix cracking parameter SDV2 
and delamination parameter SDV3 for models CTL320-R50B25-NF and CTN320-
R50B25-NF. These plots show great difference with CTL320 and CTN320. Their cuff 
matrix cracking and delamination concentrated and extended around the fillet regions, and 
did not propagate to the opposite column flange like CTL320 and CTN320, which showed 
the fillet regions were the weak part of the cuff for these two models. At the last step the 
whole additional fillet regions appeared to suffer from matrix cracking especially at the 
bottom corner.  This is similar with Group 3 which is affected by the absence of the 
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adhesive in two fillet corners. The plastic strain parameter PEEQ of adhesive can explain 
this difference, as lack of adhesive in fillet area resulted in early debonding between beam 
and cuff, which cause the cuff cracking to propagate through the depth of the cuff-beam 
portion. 
The models in this group are different from the models in Group 2 (with adhesive fully 
filled in the fillet region) which showed significant flexibility after reaching the inflexion 
point (where cuff cracking from two corners already extended to connect).  The analysis 
of models in this group terminated soon after the peak load, with cuff matrix cracking 
from two corners connected together indicating brittle nature. The presence of adhesive in 
the fillet region, which is the only difference for models in Groups 2 and Group 4, was the 
cause of these differences. The absence of adhesive led to instability of additional rounded 
fiber and eventually resulted in early damage. 
Fig. 6.2.6 shows frame load-displacement curves for models in this group and Table 6.7 
presents the comparative values of frame strength and stiffness. CTL320-R50B25-NF and 
CTN320-R50B25-NF had lower strength and lower stiffness than CTL320 and CTN320 
although all of these four models had same cuff wall thickness. Cuffs with rounded fillets 
do not have any advantage as compared to sharp corner cuffs and lack of adhesive in fillet 
region may be the reason. The same conclusion as obtained from the previous three 
groups, the layouts of the added fiber had little effect on the frame strength or stiffness. 
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Comparison results of 4 models CTL320, CTN320, CTL320-R50B25-NF and CTN320-R50B25-
NF 
 
 CTN320 CTL320 CTN320-R50B25-NF CTL320-R50B25-NF 
Strength (KN) 13.0 13.3 12.5 12.7 
Increase (%) b 1.9 -3.8 2.3
Stiffness Kframe a 486 496 489 483 
Increase (%) b  1.9 0.6 -0.6
a  To do comparison, the frame stiffness Kframe here is evaluated from zero load up to a displacement of 
11mm to do the comparison with Carrion’s experimental results. 
b  Increase is defined as value on the other models compared to the value on CTN320
 
6.2.5 Brief summary for the study of rounded fillet: 
1. From above analyses, rounded fillets at the cuff corner would improve the frame 
strength and stiffness if adhesive fully fill in the fillet region amongst the 
interspaces between the rounded fiber, beam and column. The frame strength and 
stiffness would become higher when the fillet dimensions R and B get larger. 
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2. If the fillet regions amongst the interspaces between the rounded fiber, beam and 
column are void, the stiffness and strength of these “improved cuff” would not 
increase. On the contrary, it would decrease and is different from models with 
adhesive filled in the fillet regions.  The frame stiffness may remain proportional 
to the fillet dimension (R & B), while the frame strength of these models would 
reduce when the fillet dimensions (R & B) are increased. 
3. The layouts of the extra added fibers for cuffs with fillet has little influence on the 
whole frame stiffness or strength. 
6.3 Effects of cuff connections with different cuff-beam length 
 
(a)                                                (b) 
 
Fig. 6.3.1 Cuff beam length (a) cuff without fillet, (b) cuff with fillet 
 
The emphasis of this section is on the cuff beam length Cb , as shown in Fig. 6.3.1, with 
cases for cuffs with and without rounded fillet would both to be considered. Different cuff 
beam lengths were investigated to assess the optimal length for the design of cuff 
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6.3.1 Group 1 –for the study of cuff beam length (Model C635, C635-76 and C635-51) 
In this group, two new models C635-76 (cuff-beam length Cb=76mm) and C635-51 (cuff-
beam length Cb=51mm) were built. Model C635 (cuff-beam length Cb=102mm) was also 
compared with these two new models to investigate how cuff-beam length affects the 
frame stiffness and strength. 
The frame load-displacement curves for models C635, C635-76 and C635-51 are 
presented in Fig. 6.3.2 and Table 6.8 with listed values of these three models. The first 
sign of failure was discovered at the bottom corner of model C635-76 and this first 
damage load was 19% of the load corresponding to the tested maximum load of C635, 
which was similar to model C635. See the plots of SDV2, SDV3 & PEEQ for model 
C635-76, Fig. A.16.1~ Fig. A.16.4. As the load is increased, model C635-76 performed 
similarly with model C635, in terms of stiffness, peak load or damage patterns of cuff, 
beam, column and adhesive. The differences of their stiffness and frame strength (listed in 
Table 6.8) were both less than 1%, which indicates that reducing the cuff-beam length 
from beam height (102mm) to ¾ beam height (76mm) will not decrease the frame 
mechanical properties. 
Model C635-51 also first found matrix cracks at the bottom corner when the load is 
equaled to 17% of the load corresponding to the tested maximum load of C635, which was 
also similar with model C635 at this load stage. The plots of the damage parameters SDV2, 
SDV3 & PEEQ are shown in Fig. A.17.1 to A.17.4.  At the experimental first damage load 
of model C635, model C635-51 still had the same performance with model C635. 
However, when the load continued to increase to the maximum load, model C635-51 
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displayed different failure signs. Matrix failure of cuff extended from the corners to the 
rim of the cuff-beam on the surfaces that connected beam flanges. The flange of the PFRP 
box beam was found damaged right at the cuff-beam terminating point. And the adhesive 
layer that connected the beam flanges and cuff was also subjected to higher strain than that 
of model C635. These damage indications provide an implication that at the numerically 
computed maximum load, debonding has already occurred between the beam flange and 
cuff. The failure parameter plots at the frame collapse load confirmed this observation that 
debonding is the main cause of the frame failure. At that load stage, cuff matrix cracking 
enlarged and adhesive damage extended from the cuff rim to the beam end. PFRP beam 
appeared to suffer severe matrix crushing and fiber delamination, which led to structural 
collapse. The load-displacement curve of C635-51 shows that this model has a brittle 
failure, with the curve stopping quickly after the load reached maximum load, which 
matched very well with the conclusion obtained above, since debonding failure is a brittle 
phenomenon. 
The performance of model C635-51 indicated that when the cuff-beam length become 
very short (as short as ½ beam height - 51mm) debonding would occurred before the cuff 
is totally damaged. Therefore the frame strength of this model is also lower than the other 
two models. And this was also shown in the Table 6.8 with both stiffness and strength of 
this model to be much lower. 
A conclusion may be drawn when comparing the three models: when the cuff-beam length 
is longer than ¾ beam height (76mm), the structural stiffness and strength are almost the 
same, while if the cuff-beam length is shorter than ¾ beam height, debonding may occur 
and finally results in early frame failure. 
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Comparison results of 3 models C635, C635-76 and C635-51 
 
 C635 C635-76 C635-51 
Strength (KN) 19.8 19.6 18.9 
Increase (%) b  -1.0 -4.5 
Stiffness a 542 537 521 
Increase (%)  b  -0.9 -3.9 
a To do comparison, each stiffness is evaluated at displacement = 11mm 
b Increase is defined as value on the other models compared to the value on C635
 
6.3.2 Group 2 –for the study of cuff beam length (Models C320, C320-76 and C320-51) 
In this group, another two new models: C320-76 (cuff-beam length Cb=76mm) and C320-
51 (cuff-beam length Cb=51mm) were set up to compare with model C320. The frame 
load-displacement curves for models C320, C320-76 and C320-51 are presented in Fig. 
6.3.3 and Table 6.9 listed the comparative values of these three models.  
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Similar to the models in Group 1, all three models had their first cracks at bottom corner 
and the first damage loads were approximately the same, at 18%, 20% and 20% of the 
load corresponding to the test maximum load of C320, as can be seen from Fig. A.18.1 
and Fig. A.19.1. When the load is increased, the two new models also performed in the 
same manner as model C320: the damage extended to broader areas from the first crack at 
corners. Until the maximum load, except for the corner regions, no other damage was 
found in PFRP beam/column and adhesive layer, as plotted in Fig. A.18.3, A.18.4 and Fig. 
A.19.3, A.19.4. This means that all three models failed by cuff cracking, which is also the 
cause of the finite element analysis termination. 
The stiffness and strength of two models (C320-76 and C320-51) are both very close to 
that of C320 - the differences are all less than 2% (as shown in Table 6.9). The bonding 
failure is not the main failure mode of the model with this cuff-wall thickness (where all 
cuff walls are 3.20mm thick) may be observed, see Fig. A.18.4 and A.19.4. The cuff walls 
are too thin to sustain high load so that the structure fails under very low load, and at 
which load the adhesive layers do not have high stress and strain. Therefore longer cuff-
beam or shorter cuff-beam does not influence the structure stiffness and strength 
significantly. A conclusion can be drawn that different cuff-beam length does not change 
the behaviour of frame with this type of cuff. 
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Comparison results of 3 models C320, C320-76 and C320-51 
 
 C320 C320-76 C320-51 
Strength (KN) 10.5 10.5 10.4 
Increase (%) b  -0.1 -0.9 
Stiffness a 451 450 444 
Increase (%)  b  -0.2 -1.7 
a To do comparison, each stiffness is evaluated at displacement = 11mm 
b Increase is defined as value on the other models compared to the value on C320
 
6.3.3 Group 3 –for the study of cuff beam length (Models C635-R50B25, C635-
R50B25-76 and C635-R50B25-51) 
In this group, the influence of cuff-beam length on those models with rounded fillet is 
studied.  Two new models C635-R50B25-76 (cuff-beam length Cb=76mm) and C635-
R50B25-51 (cuff-beam length Cb=51mm) are generated to compare with model C635-
R50B25 (cuff-beam length Cb=102mm). All of three models had adhesive fully filled in 
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the interspaces between rounded fillet fiber, beam flange and column flange. The frame 
load-displacement curves for these three models are presented in Fig. 6.3.4 and their 
comparative values are listed in Table 6.10. 
Similar to other models, first crack still started from corners for models C635-R50B25-76 
and C635-R50B25-51, where their failure parameters SDV2 & SDV3 & PEEQ are plotted 
in Appendix Fig. A.20.1~4 & Fig. A.21.1~4.  When the load is increased, damage regions 
at corners of both models expanded. However, when the load is increased to their 
maximum load, the two models presented different damage type. For model C635-
R50B25-51, on the inside surface of cuff that connected the beam flange, matrix failure 
occurred at both corner regions and cuff-beam edge, which were almost connected. At the 
same time, PFRP beam flange are damaged right at the point of cuff-beam edge, where the 
strain of adhesive layer was also very high. These outputs implied that under maximum 
load, debonding has already occurred between the beam flange and cuff and might lead to 
a debonding failure. Different with model C635-R50B25-51, only corner regions were 
found having the matrix damage for model C635-R50B25-76. While at the point that the 
cuff-beam terminate, beam and adhesive layer presented similar failure sign with C635-
R50B25-51, which seemed to show debonding is occurring at the position of cuff-beam 
edge. The failure parameter plots at the frame collapse load revealed that C635-R50B25-
51 failed by both debonding and beam crushing, whereas C635-R50B25-76 failed by 
beam crushing. 
The load-displacement curves of these three models show that C635-R50B25-51 has a 
brittle failure while the other two are considerably more ductile, with the curve of model 
C635-R50B25-51 stopping quickly after the load reached maximum load, which agrees 
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with the conclusion obtained above and that this model failed by debonding which is a 
brittle failure. 
The stiffness values of these three models (see Table 6.10) show that the stiffness is 
proportional to the cuff-beam length for this type of cuffs. Comparing the stiffness values 
in the previous group, it seems to imply that cuff-beam length provides more influences 
on models with stronger cuff than those with weaker cuff. The strength of model C635-
R50B25 and C635-R50B25-76 are nearly the same, which shows cuff with cuff-beam 
length equaling to ¾ beam height is almost as strong as cuff with cuff-beam length 
equaling to beam height. Stiffness and strength of model C635-R50B25-51 are lower than 
that of C635-R50B25. These values demonstrate that ½ cuff-beam length is too short for 
this type of cuff. 
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Table 6.10 
Comparison results of 3 models C635-R50B25, C635-R50B25-76 and C635-R50B25-51 
 
 C635-R50B25 C635-R50B25-76 C635-R50B25-51 
Strength (KN) 20.8 20.8 19.8 
Increase (%) b  0 -4.8 
Stiffness a 578 566 551 
Increase (%)  b  -2.1 -4.7 
a To do comparison, each stiffness is evaluated at displacement = 11mm 
b Increase is defined as value on the other models compared to the value on C635-R50B25
 
6.3.4 Brief summary for the study of cuff beam length: 
1. From the above analysis, the cuff-beam length has definite influence on the frame 
stiffness and strength except for those cuffs with very low stiffness. The higher 
stiffness of the cuff, a stronger influence cuff-beam length is observed.  
2. When the cuff-beam length shortens to ½ beam height (51mm), debonding would 
mostly occur except that the cuff walls are very thin (a weak cuff) which always 
has cuff failure before other damage occurs. 
3. When the cuff-beam length shortens to ¾ beam height (76mm), both stiffness and 
strength of the frame are reduced marginally as compared to the cuff-beam length 
equals to beam height (102mm). Therefore, when designing the cuff connection, 
in order to save the materials usage, ¾ beam height cuff-beam length can be used 
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6.4 Effects of the adhesive thickness between beam flange and cuff 
In practical site environment, it is very difficult to guarantee all the thin adhesive films 
have uniform thickness during the assembly process. Because of self-weight, after the 
beam is inserted into the cuff, the bottom adhesive film would be pressed thinner while the 
top adhesive film may be thicker if enough adhesive was applied. Therefore, in order to 
study if this phenomenon would have great influence on the structural stiffness and 
strength, some new models with different adhesive thickness above and under beam are 
set up for the analysis.  
6.4.1 Group 1 –for the study of adhesive thickness (Models CTN320-R50B25, 
CTL320-R50B25, CTN320-R50B25-DA & CTL320-R50B25-DA) 
In this group, 2 new models CTN320-R50B25-DA & CTN320-R50B25-DA were built to 
compare with models CTN320-R50B25 and CTL320-R50B25. Except for the adhesive 
thickness between the beam flange and cuff, the new models were the same as CTN320-
R50B25 and CTL320-R50B25. The adhesive thickness was assumed to be 0.5mm 
between the bottom beam flange and cuff, with 1.5mm between the top beam flange and 
cuff taking into account the self-weight of beam. The suffix “-DA” means different 
adhesive thickness in this study, ass shown in Fig. 6.4.1.  
The frame load-displacement curves for models CTN320-R50B25 , CTL320-R50B25, 
CTN320-R50B25-DA and CTN320-R50B25-DA are presented in Fig. 6.4.2 and Table 
6.11 lists the comparative results of these four models.  
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Fig. 6.4.1 Geometry of model CTN320-R50B25-DA & CTN320-R50B25-DA (a) Cuff wall thickness, (b) 
cuff dimension and adhesive thickness (all dimensions are in mm) 
 
Comparing the failure parameter plots shown in Fig. A.22.1~A.22.4 & Fig. A.23.1~A.23.4 
for models CTL320-R50B25-DA & CTN320-R50B25-DA with that of CTL320-R50B25 
& CTN320-R50B25, all of the failure parameters of these four models are very similar. 
This result may come from the weak cuff, which leads to early cuff cracking and early 
frame failure. Even the thinner adhesive layer did not fail when the frame collapsed. 
The load-displacement curves in Fig. 6.4.2 show that the 4 curves are nearly the same, 
which shows the similar performance of these models. The values listed in Table 6.11 also 
indicate this similarity, with all differences around 1%. The comparative results imply that 
the non-uniformity of adhesive have little effect on the whole structural strength and 
stiffness for the cuff type studied in this group. 
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Fig. 6.4.2 Frame load vs. displacement curves for model CTN320-R50B25, CTL320-R50B25, CTN320-




Comparison results of 4 models  CTN320-R50B25, CTL320-R50B25, CTN320-R50B25-DA & 
CTL320-R50B25-DA 
 




Strength (KN) b 15.3  15.5 15.3 15.4 
Increase (%) c  1.3 0 -0.7 
Stiffness a 519 522 519 522 
Increase (%) c  -0.6 0 -0.6 
a To do comparison, each stiffness is evaluated at displacement = 11mm 
b The strength is evaluated at inflexion point. 
c Increase is defined as value on the other models compared to the value on CTN320-R50B25
 
6.4.2 Group 2 –for the study of adhesive thickness (Models C635-R50B25-76 and 
C635-R50B25-76-DA) 
Since in the previous group, the cuff chosen were too weak so that the cuff failed earlier 
than adhesive layer damaged. In this group, model C635-R50B25-76 with stronger cuff 
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and shorter cuff-beam (the adhesive layer would also be shorter) was chosen for the 
investigation. A new model C635-R50B25-76-DA which was only different in adhesive 
layer thickness with model C635-R50B25-76 was built in order to conduct the comparison. 
The same assumption as previous group, the adhesive thickness was assumed to be 0.5mm 
and 1.5mm below and above the beam flange considering the self-weight of beam. The 
suffix “-DA” also means different adhesive thickness, with the new model shown in Fig. 
6.4.3) 
The frame load-displacement curves for models C635-R50B25 and C635-R50B25-DA are 





Fig. 6.4.3 Geometry of model C635-R50B25-DA (a) Cuff wall thickness, (b) cuff dimension and adhesive 
thickness (all dimensions are in mm) 
 
As shown in Appendix Fig. A.24.1~A.24.4, except for the PEEQ of adhesive layer, other 
failure parameter plots of model C635-R50B25-DA are almost the same as model C635-
R50B25. The PEEQ plots of the adhesive show when the frame failed the thinner adhesive 
layer present more damage regions than thicker adhesive. At the final stage, the PEEQ of 
thinner adhesive already exceeded the maximum strain at the edge that the cuff-beam 
terminates, which might indicate at the final stage some degree of debonding to occur in 
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this region. However, the frame failure was not caused by debonding in the thinner 
adhesive layer but by PFRP beam crushing. Therefore, reducing the adhesive thickness to 
half the thickness would not significantly influence the performance of the whole frame. 
The load-displacement curves support this deduction, with the two curves nearly identical. 
The comparison table shows both their strength and stiffness are almost same. These 
results show that the non-uniformity of adhesive studied in this research has little effect on 
the whole structural strength and stiffness. 















Fig. 6.4.4 Frame load vs. displacement curves for C635-R50B25-76 and C635-R50B25-76-DA 
 
Table 6.12 
Comparison results of 2 models C635-R50B25-76 and C635-R50B25-76-DA 
 
 C635-R50B25-76 C635-R50B25-76-DA 
Strength (KN)  20.8 20.8 
Increase (%) b  0 
Stiffness  a 566 564 
Increase (%) b  -0.4 
a To do comparison, each stiffness is evaluated at displacement = 11mm 
b Increase is defined as value on the other models compared to the value on model C635-R50B25-76 
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6.4.3 Brief summary for the study of adhesive thickness between the beam flange and 
cuff: 
1. From above analyses, it is found that the assumed adhesive thickness has little 
influence on the frame stiffness and strength.  
2. In this study, the bottom adhesive is reduced to 0.5mm and the top adhesive 
increased to 1.5mm, while the adhesive was assumed to be fully filled between the 
components being connected.  Other situations that might happen in practice were 
not discussed in present study.  
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CHAPTER 7 
 
SUMMARY AND CONCLUSIONS 
 
 
7.1 Summary and Conclusions 
The present research has utilized ABAQUS [19] to carry out nonlinear finite analyses and 
parametric studies to investigate the cuff connection for pultruded fiber reinforced plastic 
(PFRP) members with box sections and to assess design parameters which may offer more 
optimal design of such structures.  
Most of the mechanical properties of glass fiber reinforced plastic (GFRP) for the cuff, 
and PFRP for beam and column used in this study were the same as those in Carrion’s 
finite element analysis [5]. The through-thickness tensile strength of composites that were 
not given in Carrion’s study were assumed to be 0.9 times the transverse tensile strength 
and the inter-laminar shear strength was considered to be the same as in-plane shear 
strength.  
To account for progressive failure of the composites, Hashin’s [11] failure criterion was 
used to predict composite fiber failure and matrix failure. Delamination was predicted 
using the equation given by Ochoa and Engblom [12]. By degrading the material 
properties after damage, progressive failure analysis was carried out in this study. 
Three finite element models C320, C635 and C955 (corresponding to Specimens 6, 10 and 
12 tested by Carrion [4]) were compared with the experimental results to verify the 
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accuracy of the present approach. The present results on frame stiffness, strength and 
failure modes are found to be in good agreement with Carrion’s test results.  
The influence of cuff wall thickness was studied and compared using three groups of 
models (as reported in Chapter 6). The cuff wall thickness is found to have significant 
influence on the structural stiffness and strength. Cuff with thicker wall thickness can 
offer higher failure resistance, postpone failure occurrence and increase the ultimate 
strength. The optimal cuff wall thickness was found to be equal to the thickness of 
member flange. In this case, it provides sufficient load carrying capacity so that the cuff 
can develop approximately full moment of PFRP beam. However, the failure mode of the 
frame with this cuff wall thickness is cuff cracking, which is not preferred in the practical 
design. To avoid final failure occurring on the cuff, thicker cuff wall can be adopted. 
Another finding is that the layouts of the extra added fiber have little influence on the 
stiffness or strength of the whole frame. 
To reduce the stress concentration at top and bottom cuff corners, rounded fillets were 
added to replace the sharp corners. Consequently, rounded fillets create interspaces 
between the rounded fillets, beam flange and column flange. The present numerical 
analysis proved that the rounded fillets at cuff corners would improve the frame strength 
and stiffness if adhesive fully filled the fillet region. The increased stiffness and strength 
are found to be proportional to the fillet dimension.  That is, the larger the fillet 
dimensions, the better frame performance may be obtained. If no adhesive is provided in 
the interspaces between rounded fiber, beam and column, then there will not be an 
increase in the frame stiffness or strength. Failure would occur early because of the 
instability of the rounded fiber, especially those under compression.  
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Different from models with adhesive fully filled, models without adhesive in fillet regions 
gain lower strength when the fillet dimensions, radius R & height B, become larger. The 
layouts of extra layers of added fibers were also studied and were found to have little 
influence on the whole frame. 
The cuff-beam length was then studied and compared. The cuff-beam length has more 
influence on the stronger models (which have higher stiffness). Models with weaker cuff 
failed early because of cuff cracking at corners, without any adhesive damaged at all. 
Hence, the length of the cuff-beam would not affect the whole frame. For those models 
with stronger cuff, before the final cuff cracking happened, debonding would lead to the 
frame collapse if the cuff-beam was very short (e.g. cuff-beam length =½ beam height). 
The model with cuff-beam length equaled to ¾ beam height was proved to be as strong as 
those with longer cuff-beam, which can be used in practice to save the materials. 
Finally, different adhesive thickness, respectively 1.5mm and 0.5mm above and below 
beam, was analyzed, with the adhesive assumed to be fully filled between the components 
being connected. Under these conditions, the analysis results show that this difference of 
adhesive thickness has little effect on the frame strength and stiffness. Models with 
different adhesive thickness are almost as strong as those with uniform adhesive thickness. 
However, in practice, due to the self-weight of beam, the adhesive might be pressed very 
thin and there may voids in adhesive layer located above the beam flange, which might 
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7.2 Recommendations for Further Research 
y In the present work, the adhesive properties were assumed and only one type of 
adhesive was studied. Further studies on the effect of adhesive stiffness are needed.  
y Due to the practical fabrication, adhesive may not be fully filled and different 
thickness may exist. Studies on this aspect are proposed. 
y Cuff column length was not studied in this research, and this can be studied in the 
future. 
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  a)    b) 
 
Fig. A.1.1 Fiber breakage parameter SDV1 of GFRP cuff (Model CTL320): a) at the FEM peak load of 
model, b) at the FEM terminating load point 
 
   
                                  a)                                                      b)                                                        c) 
  d)      e) 
                                
Fig. A.1.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTL320): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 
load of model C320, d) at the FEM peak load of model, e) at the FEM terminating load point 
   
                                  a)                                                      b)                                                        c) 
  d)    e) 
 
Fig. A.1.3 Delaminating parameter SDV3 of GFRP cuff  (Model CTL320): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 
load of model C320, d) at the FEM peak load of model, e) at the FEM terminating load point 
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  a)  b) 
 
  c) 
 
 
Fig. A.1.4 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTL320):  a) at the load 
corresponding to the test maximum load of model C320, b) at the FEM peak load of model, c) at the FEM 
terminating load point 
 
  a)   b) 
  c) 
 
 
Fig.  A.1.5 Plastic strain PEEQ of adhesive layer (Model CTL320):  a) at the load corresponding to the test 













 a)    b) 
 
Fig. A.2.1 Fibre breakage parameter SDV1 of GFRP cuff (Model CTN320): a) at the FEM peak load of 




                                  a)                                                      b)                                                        c) 
d)     e) 
 
Fig.A.2.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTN320): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 




                                  a)                                                      b)                                                        c) 
  d)     e) 
 
Fig. A.2.3 Delaminating parameter SDV3 of GFRP cuff  (Model CTN320): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 
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    a)       b) 
 
  c) 
 
 
Fig. A.2.4 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTN320):  a) at the load 
corresponding to the test maximum load of model C320, b) at the FEM peak load of model, c) at the FEM 
terminating load point 
 
   a)     b) 
 
  c) 
 
 
Fig.  A.2.5 Plastic strain PEEQ of adhesive layer (Model CTN320):  a) at the load corresponding to the test 














                                  a)                                                      b)                                                        c) 
 
  d)      e) 
 
 
Fig. A.3.1 Matrix cracking parameter SDV2 of GFRP cuff (Model CTL635): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 





                                  a)                                                      b)                                                        c) 
 
  d)      e) 
 
 
Fig. A.3.2 Delaminating parameter SDV3 of GFRP cuff  (Model CTL635): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 
load of model C635, d) at the FEM peak load of model, e) at the FEM terminating load point 
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Fig. A.3.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTL635):  a) at the load 
corresponding to the test maximum load of model C635, b) at the FEM peak load of model, c) at the FEM 
terminating load point 
 
    a)     b) 
 
  c) 
 
 
Fig.  A.3.4 Plastic strain PEEQ of adhesive layer (Model CTL635):  a) at the load corresponding to the test 
maximum load of model C635, b) at the FEM peak load of model, c) at the FEM terminating load point 
 
 




   
 
                                  a)                                                      b)                                                        c) 
 
  d)      e) 
 
 
Fig. A.4.1 Matrix cracking parameter SDV2 of GFRP cuff (Model CTN635): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 





                                  a)                                                      b)                                                        c) 
 
  d)      e) 
 
 
Fig. A.4.2 Delaminating parameter SDV3 of GFRP cuff  (Model CTN635): a) The first cracks appear at 
bottom corner, b) Cracks begin to appear at both corners, c) at the load corresponding to the test maximum 
load of model C635, d) at the FEM peak load of model, e) at the FEM terminating load point 
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Fig. A.4.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTN635):  a) at the load 
corresponding to the test maximum load of model C635, b) at the FEM peak load of model, c) at the FEM 
terminating load point 
 
 a)     b) 
 
     c) 
 
 
Fig.  A.4.4 Plastic strain PEEQ of adhesive layer (Model CTN635):  a) at the load corresponding to the test 
maximum load of model C635, b) at the FEM peak load of model, c) at the FEM terminating load point 
 




a)  b) 
 
Fig. A.5.1 Fibre breakage parameter SDV1 of GFRP cuff (Model C320-R50B25):  a) at the load of inflexion 




   c) 
 
Fig. A.5.2 Matrix cracking parameter SDV2 of GFRP cuff (Model C320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model (the same as the structure collapse load) 
 
  a)   b) 
    c)                              
Fig. A.5.3 Delaminating parameter SDV3 of GFRP cuff (Model C320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model (the same as the structure collapse load) 
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    a)       b) 
 
  
    c) 
 
 
Fig. A.5.4 Matrix cracking parameter SDV2 of PFRP beam and column (Model C320-R50B25):  a) at the 
load corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-
Displacement curve, c) at the peak load of model (the same as the structure collapse load) 
 
 
 a)     b) 
 
    c) 
 
 
Fig. A.5.5 Plastic strain PEEQ of adhesive layer (Model C320-R50B25):  a) at the load corresponding to the 
tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement curve, c) at the peak 










     
a)                                                   b)                                                  c) 
 
Fig. A.6.1 Fiber breakage parameter SDV1 of GFRP cuff (Model CTL320-R50B25): a) at the load of 




c)   d) 
 
 
Fig. A.6.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTL320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
 
  a)   b) 
  c)    d) 
 
 
Fig. A.6.3 Delaminating parameter SDV3 of GFRP cuff (Model CTL320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
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    a)       b) 
  
    c) 
 
 
Fig. A.6.4 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTL320-R50B25):  a) at the 
load of inflexion point of Load-Displacement curve, b) at the peak load of model, c) at the FEM terminating 
load point 
 
 a)    b) 
 
    c) 
 
 
Fig. A.6.5 Plastic strain PEEQ of adhesive layer (Model CTL320-R50B25):  a) at the load of inflexion point 
of Load-Displacement curve, b) at the peak load of model, c) at the FEM terminating load point 
 






 a)                                                   b)                                                  c) 
 
 
Fig. A.7.1 Fiber breakage parameter SDV1 of GFRP cuff (Model CTN320-R50B25): a) at the load of 
inflexion point of Load-Displacement curve, b) at the FEM peak load of model, c) at the FEM terminating 
load point 
 
    a)     b) 
 
    c)      d) 
 
 
Fig. A.7.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTN320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
 
  a)   b) 
 
  c)    d) 
 
Fig. A.7.3 Delaminating parameter SDV3 of GFRP cuff (Model CTN320-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
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    a)       b) 
 
 
  c) 
 
 
Fig. A.7.4 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTN320-R50B25):  a) at 
the load of inflexion point of Load-Displacement curve, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)    
b) 
    c) 
 
Fig. A.7.5 Plastic strain PEEQ of adhesive layer (Model CTN320-R50B25):  a) at the load of inflexion point 
of Load-Displacement curve, b) at the peak load of model, c) at the FEM terminating load point 
 




a)  b) 
c) d) 
   e) 
 
Fig. A.8.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-R50B25):  a) The first cracks 
appear at bottom corner, b) at the load corresponding to the tested peak load of Model C320, c) at the load 
corresponding to the tested peak load of Model C635, d) at the peak load of model, e) at the FEM 
terminating load point 
 
a) b) 
c)  d) 
 
Fig. A.8.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-R50B25):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load corresponding to the tested peak load of 
Model C635, c) at the peak load of model, d) at the FEM terminating load point 
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  a)  b) 
  c)  
 
Fig. A.8.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-R50B25):  a) at the 
load corresponding to the tested peak load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)  b) 
 c) 
 
Fig. A.8.4 Plastic strain PEEQ of adhesive layer (Model C635-R50B25):  a) at the load corresponding to the 










c) d)  
   e) 
 
Fig. A.9.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-RB25):  a) The first cracks appear 
at bottom corner, b) at the load corresponding to the tested peak load of Model C320, c) at the load 
corresponding to the tested peak load of Model C635, d) at the peak load of model, e) at the FEM 
terminating load point 
 
a) b) 
c)    d) 
  
Fig. A.9.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-RB25):  a) at the load corresponding 
to the tested first damage load of Model C635, b) at the load corresponding to the tested peak load of Model 
C635, c) at the peak load of model, d) at the FEM terminating load point 
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  a)    b) 
c) 
 
Fig. A.9.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-RB25):  a) at the load 
corresponding to the tested peak load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 a)  b) 
 c) 
 
Fig. A.9.4 Plastic strain PEEQ of adhesive layer (Model C635-RB25):  a) at the load corresponding to the 











   e) 
 
Fig. A.10.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-RB10):  a) The first cracks appear 
at bottom corner, b) at the load corresponding to the tested peak load of Model C320, c) at the load 
corresponding to the tested peak load of Model C635, d) at the peak load of model, e) at the FEM 
terminating load point 
 
a) b) 
c)   d) 
 
Fig. A.10.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-RB10):  a) at the load corresponding 
to the tested first damage load of Model C635, b) at the load corresponding to the tested peak load of Model 
C635, c) at the peak load of model, d) at the FEM terminating load point 
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   a)   b) 
 
    c) 
 
 
Fig. A.10.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-RB10):  a) at the 
load corresponding to the tested first damage load of Model C635, b) at the peak load of model (equal to 
tested peak load of Model C635), c) at the FEM terminating load point 
 
 
 a)  b) 
  c) 
 
Fig. A.10.4 Plastic strain PEEQ of adhesive layer (Model C635-RB10):  a) at the load corresponding to the 
tested first damage load of Model C635, b) at the peak load of model (equal to tested peak load of Model 












c)  d) 
 
 
Fig. A.11.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-R50B25-NF):  a) cracks appeared 
at both corners, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak 




   c) 
 
 
Fig. A.11.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-R50B25-NF):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
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  a)   b) 
 
   c) 
 
 
Fig. A.11.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-R50B25-NF):  a) at 
the load corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the 
FEM terminating load point 
 
 




Fig. A.11.4 Plastic strain PEEQ of adhesive layer (Model C635-R50B25-NF):  a) at the load corresponding 














c)   d) 
 
 
Fig. A.12.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-RB25-NF):  a) cracks appeared at 
both corners, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak load 




   c) 
 
 
Fig. A.12.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-RB25-NF):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
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  a)   b) 
 
  c) 
 
 
Fig. A.12.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-RB25-NF):  a) at the 
load corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the 
FEM terminating load point 
 
 




Fig. A.12.4 Plastic strain PEEQ of adhesive layer (Model C635-RB25-NF):  a) at the load corresponding to 















c)  d) 
 
 
Fig. A.13.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-RB10-NF):  a) cracks appeared at 
both corners, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak load 





   c) 
 
 
Fig. A.13.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-RB10-NF):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
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  a)    b) 
 
     c) 
 
 
Fig. A.13.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-RB10-NF):  a) at the 
load corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the 
FEM terminating load point 
 
   a)  b) 
   c) 
 
 
Fig. A.13.4 Plastic strain PEEQ of adhesive layer (Model C635-RB10-NF):  a) at the load corresponding to 














c)  d) 
 
 
Fig. A.14.1 Matrix cracking parameter SDV2 of GFRP cuff (Model CTL320-R50B25-NF):  a) at the load 
corresponding to the tested first damage load of Model C320, b) at the load corresponding to the tested peak 




c)  d) 
 
 
Fig. A.14.2 Delaminating parameter SDV3 of GFRP cuff (Model CTL320-R50B25-NF):  a) at the load 
corresponding to the tested first damage load of Model C320, b) at the load corresponding to the tested peak 
load of Model C320, c) at the peak load of model, d) at the FEM terminating load point 
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    a)     b) 
 
    c) 
 
 
Fig. A.14.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTL320-R50B25-NF):  a) 
at the load corresponding to the tested peak load of Model C320, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
 a)  b) 
 
 c)  d) 
 
 
Fig. A.14.4 Plastic strain PEEQ of adhesive layer (Model CTL320-R50B25-NF):  a) at the load 
corresponding to the tested first damage load of Model C320, b) at the load corresponding to the tested peak 












c)  d) 
 
 
Fig. A.15.1 Matrix cracking parameter SDV2 of GFRP cuff (Model CTN320-R50B25-NF):  a) at the load 





c)  d) 
 
 
Fig. A.15.2 Delaminating parameter SDV3 of GFRP cuff (Model CTN320-R50B25-NF):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the peak load of model, c) at the FEM 
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    a)     b) 
 
    c) 
 
 
Fig. A.15.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTN320-R50B25-NF):  a) 
at the load corresponding to the tested peak load of Model C320, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
    a)    b) 
 
    c) 
 
 
Fig. A.15.4 Plastic strain PEEQ of adhesive layer (Model CTN320-R50B25-NF):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the peak load of model, c) at the FEM 












c)  d) 
 
 
Fig. A.16.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-76):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak 





c)  d) 
 
 
Fig. A.16.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-76):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak 
load of model, d) at the FEM terminating load point 
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    a)     b) 
 
    c) 
 
Fig. A.16.3 Matrix cracking parameter SDV2 of PFRP beam and column  (Model C635-76):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
  a)   b) 
 
  c) 
 
 
Fig. A.16.4 Plastic strain PEEQ of adhesive layer   (Model C635-76):  a) at the load corresponding to the 













 c) d) 
  e) f) 
 
Fig. A.17.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-51):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak 
load of model, d) another angle of view at the peak load of model e) at the FEM terminating load point, f) 






Fig. A.17.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-51):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C635, c) at the peak 
load of model, d) at the FEM terminating load point 
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    a)      b) 
 
    c) 
 
 
Fig. A.17.3 Matrix cracking parameter SDV2 of PFRP beam and column  (Model C635-51):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
    a)   b) 
    c) 
 
 
Fig. A.17.4 Plastic strain PEEQ of adhesive layer   (Model C635-51):  a) at the load corresponding to the 














c)   d) 
 
 
Fig. A.18.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C320-76):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C320, c) at the peak 





c)  d) 
 
Fig. A.18.2 Delaminating parameter SDV3 of GFRP cuff (Model C320-76):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C320, c) at the peak 
load of model, d) at the FEM terminating load point 
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    a)      b) 
 
    c) 
 
Fig. A.18.3 Matrix cracking parameter SDV2 of PFRP beam and column  (Model C320-76):  a) at the load 
corresponding to the tested first damage load of Model C320, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)   b) 
 
    c) 
 
 
Fig. A.18.4 Plastic strain PEEQ of adhesive layer   (Model C320-76):  a) at the load corresponding to the 


















Fig. A.19.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C320-51):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C320, c) at the peak 





c)  d) 
 
 
Fig. A.19.2 Delaminating parameter SDV3 of GFRP cuff (Model C320-51):  a) The first cracks appear at 
bottom corner, b) at the load corresponding to the tested first damage load of Model C320, c) at the peak 
load of model, d) at the FEM terminating load point 
 
 
- 135 - 
Appendix A 
    a)      b) 
 
 
    c) 
 
 
Fig. A.19.3 Matrix cracking parameter SDV2 of PFRP beam and column  (Model C320-51):  a) at the load 
corresponding to the tested first damage load of Model C320, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
   a)    b) 
 
    c) 
 
Fig. A.19.4 Plastic strain PEEQ of adhesive layer  (Model C320-51):  a) at the load corresponding to the 












   e) 
 
Fig. A.20.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-R50B25-76):  a) The first cracks 
appear at both corners, b) at the load corresponding to the tested first damage load of Model C635, c) at the 
load corresponding to the tested peak load of Model C635, d) at the peak load of model, e) at the FEM 






Fig. A.20.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-R50B25-76):  a) at the load 
corresponding to the tested peak load of Model C635, b) at the load corresponding to the tested peak load of 
Model C635, c) at the peak load of model, d) at the FEM terminating load point 
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   a)    b) 
 
  c)  
 
Fig. A.20.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-R50B25-76):  a) at 
the load corresponding to the tested peak load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)   b) 
 
  c) 
 
Fig. A.20.4 Plastic strain PEEQ of adhesive layer   (Model C635-R50B25-76):  a) at the load corresponding 
to the tested peak load of Model C635, b) at the peak load of model, c) at the FEM terminating load point 
 
 






 e) f) 
 
Fig. A.21.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635R50B25-51):  a) The first cracks 
appear at bottom corner, b) at the load corresponding to the tested first damage load of Model C635, c) at the 
peak load of model, d) another angle of view at the peak load of model e) at the FEM terminating load point, 






Fig. A.21.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-R50B25-51):  a) When the first 
cracks appear at bottom corner, b) at the load corresponding to the tested first damage load of Model C635, 
c) at the peak load of model, d) at the FEM terminating load point 
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Fig. A.21.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-R50B25-51):  a) at 
the load corresponding to the tested first damage load of Model C635, b) at the peak load of model, c) at the 
FEM terminating load point 
 
 
   a)    b) 
 
   c) 
 
Fig. A.21.4 Plastic strain PEEQ of adhesive layer (Model C635-R50B25-51):  a) at the load corresponding 










                                a)                                                    b)                                                     c) 
 
Fig. A.22.1 Fiber breakage parameter SDV1 of GFRP cuff (Model CTL320-R50B25-DA): a) at the load of 




  a)   b) 
 
  c)    d) 
 
Fig. A.22.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTL320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 





c)  d) 
 
Fig. A.22.3 Delaminating parameter SDV3 of GFRP cuff (Model CTL320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
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  a)  b) 
 
  c) 
 
Fig. A.22.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTL320-R50B25-DA):  a) 
at the load of inflexion point of Load-Displacement curve, b) at the peak load of model, c) at the FEM 
terminating load point 
 
 
  a)   b) 
  c)   d) 
 
Fig. A.22.4 Plastic strain PEEQ of adhesive layer (Model CTL320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
 





      
a)                                                    b)                                                     c) 
 
 
Fig. A.23.1 Fiber breakage parameter SDV1 of GFRP cuff (Model CTN320-R50B25-DA): a) at the load of 




c)  d) 
 
 
Fig. A.23.2 Matrix cracking parameter SDV2 of GFRP cuff (Model CTN320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
a) b) 
c)  d) 
 
Fig. A.23.3 Delaminating parameter SDV3 of GFRP cuff (Model CTN320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
 
- 143 - 
Appendix A 




Fig. A.23.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model CTN320-R50B25-DA):  a) 
at the load of inflexion point of Load-Displacement curve, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)   b) 
  c)   d) 
 
 
Fig. A.23.4 Plastic strain PEEQ of adhesive layer (Model CTN320-R50B25-DA):  a) at the load 
corresponding to the tested peak load of Model C320, b) at the load of inflexion point of Load-Displacement 
curve, c) at the peak load of model, d) at the FEM terminating load point 
 
 








Fig. A.24.1 Matrix cracking parameter SDV2 of GFRP cuff (Model C635-R50B25-76-DA):  a) The first 
cracks appear at bottom corner, b) at the load corresponding to the tested first damage load of Model C635, 
c) at the load corresponding to the tested peak load of Model C635, d) at the peak load of model, e) at the 
FEM terminating load point 
 
a) b) 
c)  d) 
 
Fig. A.24.2 Delaminating parameter SDV3 of GFRP cuff (Model C635-R50B25-76-DA):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the load corresponding to the tested peak 
load of Model C635, c) at the peak load of model, d) at the FEM terminating load point 
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   a)   b) 
 
  c) 
 
Fig. A.24.3 Matrix cracking parameter SDV2 of PFRP beam and column (Model C635-R50B25-76-DA):  a) 
at the load corresponding to the tested peak load of Model C635, b) at the peak load of model, c) at the FEM 
terminating load point 
 
  a)  b) 
  c)   d) 
 
 
Fig. A.23.4 Plastic strain PEEQ of adhesive layer (Model C635-R50B25-76-DA):  a) at the load 
corresponding to the tested first damage load of Model C635, b) at the load corresponding to the tested peak 








USER SUBROUTINE USDFLD 
 
 
SUBROUTINE USDFLD (FIELD,STATEV,PNEWDT,DIRECT,T,CELENT,TIME,DTIME, 
     1 CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC, 
     2 NDI,nshr,coord,jmac,jmtyp,matlayo,laccflg) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*8  FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3),T(3,3),TIME(2), 
     *  coord(*),jmac(*),jmtyp(*) 
      DIMENSION ARRAY(15),JARRAY(15) 
C 
C GET STRESSES FROM PREVIOUS INCREMENT 
C 
      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD, 
     $     JMAC, JMTYP, MATLAYO, LACCFLG) 
      S11 = ARRAY(1) 
      S22 = ARRAY(2) 
      S33 = ARRAY(3) 
      S12 = ARRAY(4) 
      S13 = ARRAY(5) 
      S23 = ARRAY(6) 
C 
C FOR MARERIAL “GFRP” 
C 
      IF (CMNAME .EQ. 'GFRP') THEN 
C 
         Xt=0.752E3 
         Xc=Xt     
         Yt=0.026E3 
         Yc=Yt                  
         G=0.044E3 
         Z=0.023E3 
C 
C INITIALIZE FAILURE FLAGS FROM STATEV.  
C 
      EF   = STATEV(1) 
      EM   = STATEV(2)   
      ED   = STATEV(3)                 
C              
C FIBER FAILURE 
C 
      IF (EF .LT. 1.0) THEN 
            IF (S11 .LT. 0.0) THEN 
               EF =(S11/Xc)**2  
            ELSE  
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               EF = (S11/Xt)**2+(S12**2+S13**2)/G**2 
           ENDIF 
         STATEV(1) = EF 
      ENDIF 
C 
C MATRIX FAILURE 
C 
      IF (EM .LT. 1.0) THEN 
         IF ((S22+S33) .LT. 0.0) THEN 
            EM = ((Yc/(2*G))**2-1)*(S22+S33)/Yc+(S22+S33)**2/(4*G**2) 
     $               +(S12**2+S13**2+S23**2-S22*S33)/G**2        
         ELSE  
            EM = ((S22+S33)/Yt)**2+(S12**2+S13**2+S23**2-S22*S33)/G**2 
         ENDIF 
         STATEV(2) = EM 




      IF (ED .LT. 1.0) THEN 
            ED = (S33/Z)**2+(S13**2+S23**2)/G**2 
            STATEV(3) = ED 
      ENDIF 
C 
C STATE TRANSITION DIAGRAM 
C 
C FV1: FIBER FAILURE 
C FV2: MATRIX  FAILURE 
C           
      FIELD(1) = 0.0 
      FIELD(2) = 0.0 
      FIELD(3) = 0.0 
      IF (EF .GT. 1.0) FIELD(1) = 1.0 
      IF (EM .GT. 1.0) FIELD(2) = 1.0 
      IF (ED .GT. 1.0) FIELD(3) = 1.0 
C             
C FOR MARERIAL “PFRP” 
C 
      ELSEIF (CMNAME .EQ. 'PFRP') THEN 
         Xt=0.325E3          
         Xc=Xt             
         Yt=0.061E3          
         Yc=Yt              
         G=0.034E3 
         Z=0.055E3        
C 
C INITIALIZE FAILURE FLAGS FROM STATEV.  
C 
      EF   = STATEV(1) 
      EM   = STATEV(2)            
      ED   = STATEV(3) 
C              
C FIBER FAILURE 
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C 
      IF (EF .LT. 1.0) THEN 
            IF (S11 .LT. 0.0) THEN 
               EF =(S11/Xc)**2  
            ELSE  
               EF = (S11/Xt)**2+(S12**2+S13**2)/G**2 
           ENDIF 
         STATEV(1) = EF 
      ENDIF 
C 
C MATRIX FAILURE 
C 
      IF (EM .LT. 1.0) THEN 
         IF ((S22+S33) .LT. 0.0) THEN 
            EM = ((Yc/(2*G))**2-1)*(S22+S33)/Yc+(S22+S33)**2/(4*G**2) 
     $               +(S12**2+S13**2+S23**2-S22*S33)/G**2        
         ELSE  
            EM = ((S22+S33)/Yt)**2+(S12**2+S13**2+S23**2-S22*S33)/G**2 
         ENDIF 
         STATEV(2) = EM 




      IF (ED .LT. 1.0) THEN 
            ED = (S33/Z)**2+(S13**2+S23**2)/G**2 
C            ED=0.0 
            STATEV(3) = ED 
      ENDIF 
C 
C STATE TRANSITION DIAGRAM 
C 
C FV1: FIBER FAILURE 
C FV2: MATRIX  FAILURE 
C           
      FIELD(1) = 0.0 
      FIELD(2) = 0.0 
      FIELD(3) = 0.0 
      IF (EF .GT. 1.0) FIELD(1) = 1.0 
      IF (EM .GT. 1.0) FIELD(2) = 1.0 
      IF (ED .GT. 1.0) FIELD(3) = 1.0 
C 
      ENDIF 
C 
      RETURN 













USER SUBROUTINE UVARM 
 
 
       SUBROUTINE UVARM (UVAR,DIRECT,T,TIME,DTIME,CMNAME,ORNAME, 
     $ NUVARM,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,NDI,NSHR,COORD, 
     $ JMAC,JMATYP,MATLAYO,LACCFLA) 
      INCLUDE 'ABA_PARAM.INC' 
C 
      REAL Xt,Xc,Yt,Yc,G,FAI,FAI1,FAI2,fib1,fib2,matr1,matr2 
      REAL F1,F2,F11,F22,F66,F12,F23 
      INTEGER n 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3 FLGRAY(15) 
      DIMENSION UVAR(NUVARM),DIRECT(3,3),T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
      DIMENSION S(6) 
C 
C     The dimensions of the variables FLGRAY, ARRAY and JARRAY 
C     must be set equal to or greater than 15. 
C 
C     INITIAL VALUE 
C 
      IF (CMNAME .EQ. 'GFRP') THEN 
      Xt=0.752E3          
      Xc=Xt             
      Yt=0.026E3          
      Yc=Yt             
      G=0.044E3  
      ELSEIF (CMNAME .EQ. 'PFRP') THEN 
      Xt=0.325E3          
      Xc=Xt             
      Yt=0.061E3          
      Yc=Yt              
      G=0.034E3  
      ENDIF     
C 
C     PARAMETRE CALCULATION       
C 
      F1=1.0/Xt-1.0/Xc 
      F2=1.0/Yt-1.0/Yc 
      F11=1.0/(Xt*Xc) 
      F22=1.0/(Yt*Yc) 
      F66=1.0/(G*G) 
      F12=-SQRT(F11*F22)/2. 
      F23=-F22 
C       
      CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,JRCD, 
     $     JMAC,JMATYP,MATLAYO, LACCFLA) 
C 
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      DO n=1,6 
            S(n)=ARRAY(n) 
      END DO 
C 
C     JUSTIFY IF ELEMENTS FAILURE OR NOT       
C 
      FAI1=F1*S(1)+F2*(S(2)+S(3))+F11*S(1)**2 
     $  +F22*(S(2)**2+S(3)**2+2*S(6)**2) 
      FAI2=F66*(S(4)**2+S(5)**2)+2*F12*(S(1)*S(2)+S(1)*S(3)) 
     $ +2*F23*(S(2)*S(3)-S(6)**2) 
      FAI=FAI1+FAI2 
      fib1=(S(1)/Xt)**2+(S(4)/G)**2+(S(5)/G)**2 
      fib2=(S(1)/Xt)**2 
      matr1=(S(2)+S(3))/Yt+(S(6)**2-S(2)*S(3))/G**2 
     $ +(S(4)/G)**2+(S(5)/G)**2 
      matr2=((Yc/(2*G))**2-1)*(S(2)+S(3))/Yc+(S(2)+S(3))**2/ 
     $ (4*G**2)+(S(6)**2-S(2)*S(3))/G+(S(4)/G)**2+(S(5)/G)**2 
      if (FAI .GT. 1.0) then 
      UVAR(1)=FAI 
        if (S(1) .GT. 0.0) then  
          if (fib1 .GT. 1.0) then 
            UVAR(2)=11 
            write (6,*) 'fiber breakage' 
          endif 
        else 
          if (fib2 .GT. 1.0) then 
            UVAR(2)=12 
            write (6,*) 'fiber buckling' 
          endif  
        endif 
        if ((S(2)+S(3)) .GT. 0.0) then  
          if (matr1 .GT. 1.0) then 
            UVAR(2)=21 
            write (6,*) 'matrix cracking' 
          endif 
        else 
          if (matr2 .GT. 1.0) then 
            UVAR(2)=22 
            write (6,*) 'compressive matrix failure' 
          endif  
        endif 
      else 
      UVAR(1)=0. 
      UVAR(2)=0. 
      write(6,*) 'no failure' 
      endif 
C 
      RETURN 
      END 
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